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THERMALIZATION OF EXCITONS

PETER Y. YU

Department of Physics, University of California, Berkeley,
and Materials and Chemical Sciences Division,
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ABSTRACT

Recent studies of the thermalization of excitons by the use of
picosecond time-resolved luminescence are reviewed. These studies have
led to a better understanding of exciton~phonon interactions and the
dynamics of exciton relaxation processes. Examples of experimental results
have been selected from a variety of semiconductors ranging from
semiconductors with forbidden or indirect bandgaps, alloy semiconductors to
amorphous semiconductors.

PACS: 71.36.+C; 71.38.+i; 78.55. Ds



I. INTRODUCTION

Thermalization means the achievement of thermal equilibrium. In this
article we will be interested in how physical systems achieve thermal
equilibrium after optical excitation. Actually we are not always
interested in how a system returns to true thermal equilibrium. Often we
are interested only in how a part of the system attains thermal
equilibrium and this is sometimes kmown as a quasi-equilibrium. However,
for the sake of brevity, I will refer to all processes which enable a
system or subsystem to relax towards thermal equilibrium or
quasi-equilibrium as thermalization. The word "exciton" will also be used
in this article in a broad sense. Exciton usually denotes a bound state of
an electron and a hole in solids, I will consider mobile electrons and
holes not bound to each other as continuum states of an exciton. This more
general definition of excitons allows me to discuss the thermalization of
electron-hole plasmas in semiconductors also.

The study of how systems relax and thermalize has been going on for
years. This review article becomes necessary as a result of recent
advances in short laser pulse technology. In solids there are typically a
large number of electrons. In addition to electron-electron interactions,
the electrons interact with lattice vibrations and with electromagnetic
radiations. These interactions are often strong in solids and as a result
excitons relax and thermalize in times varying from nanoseconds to
femtoseconds. Such short time durations made a real time study of
thermalization of excitons very difficult if not impossible in the past.
Recent advances in short laser pulse technology made it possible for the
first time to study these thermalization processes in condensed systems in
real time. The purpose of this article is to review some of the recent
time-resolved studies of thermalization of excitons in semiconductors.

This article is not meant to be exhaustive and only representative examples
have been chosen to illustrate the physical principles involved. In
particular I want to point out some of the subtleties in the inierpretation
of the time-resolved photoluminescence experiments. It is hoped that by
comparing the results in different systems this article will serve as a
guide to understanding time-resolved studies of thermalization in less
understood solids.



The organization of this article is as follows. In the next section T
will survey the present status of experimental techniques available for
performing time-resolved studies. Since many articles have already
appeared on the generation.of short laser pulses, the emphasis of that
section will be on matching the detectors to the available light sources.
As will be shown, the time resolution of an experiment is often not
limited by the light source but rather by the detector. In Section III the
theortical background for understanding relaxation processes in solids is
reviewed. In the section following that the results in six different
material systems are reviewed. That section has purposely been ordered in
the following fashion. I will start out by considered crystals where
excitons are not strongly coupled to radiation. The crystals involved
either have indirect bandgaps or direct bandgaps with a forbidden electric
dipole transition. Because these excitons are not strongly coupled to
radiation their lifetimes are relatively long and they can achieve
quasi-equilibrium. Next I will consider crystalsbwhere excitons couple
strongly to radiation and their properties have to be understood within the
framework of coupled modes lmown as polaritons. The formation of such
coupled modes turns out to have profound effects on the thermalization of
excitons. At low temperatures the polaritons do not achieve thermal
equilibrium. Although this system is an example of a nonthermal
equilibrium system, its dynamics is now fairly well understood. It serves
as an introduction to semiconductor alloys whose dynamics are more complex.
In semiconductor alloys, excitons do not reach thermal equilibrium at low
temperatures also because when their energies decrease below the mobility
edge, they become localized by the random crystal potential fluctuations.
The alloys form a bridge to understanding the relaxation of excitons in
completely disordered solids such as amorphous Si. Finally I will consider
the case when the exciton density is high enough that they ionize to form
electron-hole plasmas. The relaxations in these solid state plasmas occur
on femtosecond time scale so they represent the frontier where further
studies need to be carried out.



IT. EXPERIMENTAL TECHNIQUES

In many solids excitons have recombination times of the order of
nanoseconds. Quite often these excitons relax via exciton-exciton (e-e) or
exciton-phongg (e—g% interactions. The rates for these intgraction can
vary from 10 = sec for acoustic phonons to about 10 = sec for
longitudinal optical phonons. Thus to perform time-resolved studies in
solids, it is necessary to have an experimental setup capable of generating
and detecting optical pulses of picosecond (ps) and subpicosecond
durations. This section will be divided into two parts: the first part is
devoted to surveying the various lasers available for generating short
laser pulses and the second part deals with techniques for detecting short
pulses.

A) Generation of Short Pulses

Nowaday pulses of ps and fs durations are mostly generated by
modelocked lasers. ~ Although there have been time-resolved experiments
performed with subnanosecond incoherent light pulses,  the time resolution
was much poorer than what could he achieved with lasers so I will not
6onsider these incoherent sources here. Nowadays the most commonly used
modelocked lasers are based on either dye molecules or Nd ions introduced
into hosts such as glass or Yttrium Aluminum Garnet (YAG). Dye lasers have
the advantages of being tunable and of being able to produce the shortest
laser pulses (less than 10 fs duration). The Nd:Glass laser is capable $f
producing pulses with the highest energy and of durations of several ps.
High energy fs pulses can be generated from modelocked dye lasers by
amplification. Recently, it has been shown that, by using the technique of
pulse compression, the output gE%se of many laser systems can be compressed
into the subpicosecond regime. Thus the choice of available laser
systems for time-resolved studies is wider than ever. I have summarized in
Table 1 the characteristics of some common laser systems appropriate for
time-resolved spectroscopies. This table is not meant to he complete. For
‘example, I have omitted modelocked color center lasers and semiconductor
lasers since these lasers have not been used in time-resolved
spectroscopies as extensively as the other modelocked lasers. The
advantages and disadvantages of individual systems are discussed in more
detail below. |



(1) Nd:glass and Nd:YAG Lasers

| The advantage of the Nd:glass lasers is their high power. In the
early days of picosecond laser spectroscopies, they were the only lasers
with enough power to trigger'optical Kerr cells. Their disadvantage is
their low repetition rate. As a result, Nd:YAG lasers with repetition rates
of up to about a hundred pulses per second have replaced the Nd:glass
lasers for time-resolved experiments. The Nd:YAG lasers are also used to
amplify the output of ps and fs dye lasers. The modelocked continuous wave
(cw) Nd:YAG lasers, after frequency doubling, now compete with the
modelocked cw Ar ion lasers as the pump for active modelocking of dye
lasers. The modelocked Nd:YAG lasers have the advantage of producing
shorter pulses than the modelocked Ar ion lasers. Furthermore the output
of the modelocked Nd:YAG laser can be shortened to less than 1 ps by pulse
compression.11 When the Nd:YAG laser is frequency-doubled to pump dye
lasers, considerable energy remains in the unconverted fundamental beam.
This fundamental beam can be combined with the dye laser output to generate
tunable picosecond uv pulses. These advantages make the Nd:YAG laser one of

the most versatile laser for time resolved spectroscopies.

(2) Dye Lasers

With their wide gain bandwidth dye lasers have always produced the
shortest $Else available. Dye lasers can be modelocked either passively or
actively. Dye lasers are modelocked actively by pumping the laser
synchronously with another modelocked laser such as an Ar laser or Nd:YAG
laser. Such systems have been available commercially for some time. ~ They
are now tunable over a wide range of wavelengths from near infrared to
visible. Their other advantages are their high repetition rate (>1O'7 Hz)
which allows. phase-sensitive detection and other signai averaging
techniques. In the past actively modelocked dye lasers produce pulses of
several ps long, so to produce subpicosecond pulses, either passive
modelocking or a hybrid system of synchronous pumping combined with a
saturable absorber would have to be used. By wusing pulse compression
the output of actively modelocked dye lasers can now be shortened into

subpicosecond duration.
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The shortest pulses are still generated by passively modelocked dye
lasers. In such lasers there are typically two dye jets, one containing the
lasing dye and the other a saturable absorber. By using a ring cavity
instead of the usual linear cavity, Shank et al. ~ produced for the first.
time laser pulses of less than 100 femtosecond duration. Since then their
colliding pulse modelocked (CPM) dye laser has been refined to produce
pulses as short as 60 fs. Using pulse compression, the pulses can be
shortened further to as little as 8 fs.” Beside this ability to produce
shorter pulses,the CPM lasers have the advantage of being more stable in
output power and pulse length since their performance is not sensitive to
the laser cavity length. Their main drawback is that their output
wavelengths are tunable over a very narrow range around 6200 A. One way to
overcome this limitation is to first amplify the femtosecond output of the

1
a liquid, typically water, to generate a white light cotinuum. This

CPM laser to energy levels of mJ per pulse. Then the laser is fgfgsed into
weaker continuum, which is also of femtosecond duration, can be used
directly to probe the sample. Or else a narrow band filter at the desired
wavelength is used to select a part of this continuum for further
amplification to form an intense femotosecond coherent pulse. At the time
this article was written, CPM lasers were not available commercially. Most
researchers fabricated their own CPM laser using information provided
generously by Shank's group at the AT&T Bell Laboratories, Holmdel, New

Jersey. A schematical diagram of the CPM laser is shown in Fig. 1.

B. Detection of Fast Signals

The technology of detecting short pulses has not kept up with the
technology of generating short pulses. To make matters worse, the
electrical signals produced by optical pulses from samples can be very weak
and require amplification. Electronic amplifiers often do not have
response times as short as the incident laser pulses. Thus the most
difficult part of a time-resolved picosecond and subpicosecond experiment
is the selection of an appropriate detection scheme. In addition, the
experiment may involve dispersing the signal spectrally. In doing s?8the
pulses may be broadened temporally due to the uncertainty principle. In
most cases the best way to plan a time-resolved experiment is to decide
first the spectral resolution required and then use the uncertainty



principle to figure out the appropriate time resolution. The time
resolution will decide the detection schemes and laser sources required
for the experiment. -

I will summarize below.the various detection schemes most commonly used
for studying thermalization of excitons. The techniques are presented
roughly in the order of increasing time resolution. Since the faster
detection techniques tend to have lower sensitivity, the techniques are
presented in order of decreasing sens."ut:ivity.19_21
(1) Time-Delayed Coincidence Photon Counting. ‘

This technique is similar to conventional photon counting systems used
in most light scattering experiments. The signal from the sample is
amplified in a photomultiplier tube (PMT) and the output pulse from the PMT
are converted to logic pulses by a discriminator and counted by a counter.
It is different from the ordinary photon counting system in that the time
delay between the excitation pulse and the signal pulse from the sample is
also measured. This time delay is determined by splitting part of the
incident laser pulse train to trigger a fast photodiode. The output of the
photodiode is also converted into logic pulses by a fast discriminator.

The time delay between the photodiode output and the PMT output is
determined with a time-to-amplitude converter (TAC). The TAC produces a
pulse whose height is proportional to this time delay. By analyzing the
height of the pules produced by the TAC with a multichannel analyzer, a
histogram of the time dependence of the radiation emitted by the sample is
obtained. A schematic diagram of an experimental setup for determining
time dependence of Egotoluminescence based on this photon counting system
is shown in Fig. 2.

The obvious advantage of this system is its ability to detect
individual photons so it is most useful in experiments where the quantum
efficiency of emission is very low, such as less than one photon per
incident laser pulse. If the samples emits more than one photon per pulse,
the resulting spectrum has to be corrected fof this "pulse pileup". -

Since the quantum efficiency of emission is less than one photon per pulse,
the excitation laser must have a high repetition rate. Thus this system is
most compatible with the synchronously pumped modelocked dye lasers because
of their high repetition rates and low pulse energy. The disadvantage of
this system is its time resolution. This is limited essentially by the
transit time spread of electroné inside the PMT. Using the fastest



microchannel-plate based PMT available, this system will produce peaks of
about 100 ps in width from input optical pulses of zero width. The decay
of the emission from the sample can be determined with a precision of
better than 100 ps by deconvolving the signal with the systen response
curve. If the emission from the sample is strong enough to produce a
histogram with a good signal-to-noise ration, decay times as short as about
30 ps can be determined with this technique.

(2) Streak Cameras. 25,26

In principle, streak cameras offer the best combination of
versatiltiy, time resolution and sensitivity for time resolved experiments.
They can be used with both low repetion rate lasers and high repetition
rate lasers. Using image intensifier tubes, their sensitivity can be
comparable to PMI. They are commercially availahle and the fastest units
have time resolution of about 1 ps. Their biggest drawback is their
relatively high price tags which make them beyond the budget of most
laboratories. Also it is unlikely that their time resolution can be
shortened into the subpicosecond regime in the near future. This limits
their usage in femtosecond experiments.

(3) Optical Gating.

When a modelocked laser is powerful enough it can bhe split into two
beams: one is used to excite the sample while the other is delayed and used
to "gate" the detector. In this way the detector can have a very slow time
response. The time information is obtained by varying the time delay
between the excitation pulse and the gating pulse. Various ways of gating
the detector have been proposed. Figure 3 shows a "Kerr shutter" operating
on the principle that an_intense optical pulse can induce an ac Kerr effect
in a liquid such as CS .’ In the absence of the strong gating beam the
signal cannot pass through the two crossed polarizers. In the presence of
the gating beam the signal becomes elliptically polarized on passing
through the liquid and is subsequently partially transmitted by-tgg
analyzer. A different scheme was proposed by Mahr and coworkers. In
this case the emission from the sample was mixed with a properly delayed
excitation beam inside a nonlinear erystal to form the sum frequency. By
measuring the sum frequency signal as a function of delay, the emission
spectra could again be determined as a function of time. The disadvantage
of this scheme is-that the emission has to be relatively strong in order to
generate a significant amount of sum frequency so the sample must have very



high quantum efficiency. In a recent variation of this technique the
strong laser beam isoused to pump an optical parametric amplifier to
amplify the signal.

The basis of the optical gating techniques is a nonlinear interaction
between the signal from the sample and a part of the excitation laser which
has been delayed inside some nonlinear optical media. As a result the time
resolution of this technique is limited by the response time of the
nonlinear medium and by pulse broadening which can occur in the medium due
to dispersion effects. These effects limit the time resolution of optical
gating methods to the picosecond range. For example, in the method of Mahr
using sum frequency generation,if the pulse is of femtosecond duration,
dispersion of the nonlinear susceptibility makes it impossible to achieve
phase matching over the entire spectral bandwidth of the pulse. If only
part of the incident pulse is phase matched, the spectral width of the
output pulse will be narrowed and correspondingly the pulse will broaden
temporally. One way to avoid this problem is to use a very thin crystal to
avoid the phase matching requirement, but this will also decrease the
sensitivity cdrastically. Recently Shah et al.” have improved the time N
resolution of this technique to the subpicosecond regime but it will be
difficult to extend this method to fs and still retain good sensitivity.
(4) Excite and Probe Techniques.

One way to overcome the limitation of the optical gating technique is
to use the sample as the nonlinear optical medium. In this technique one
part of incident laser pulse is split off to excite the sample while the
remaining part is time-delayed and used to probe the change in the
sample. The excitation pulse must be strong enough to cause some change in
the optical properties of the sample. The changes induced by pump pulse'
can be in the absorption coefficient,” reflectivity, lumine‘scence34 or
Raman spectra”  of the sample. There are several variations of this
straight forward excite-and-probe technique. In the transient grating
technique, the incident laser is split into three beams (see Fig.4). Two
of the beams are focused at an angle on the sample to form an interference
pattern; this interference can give rise to either a population grating or
a phase grating. The delayed third beam is then deflected by the grating
formed by the other two beams. In this way the decay time of the transient

grating due to exciton decay or diffusion can be measured. In another



technique known as the equal pulse correlation technique,37 the pump and
probe beams are of equal intensity. As a result of this symmetry between
the two beams, the resultant spectra are completely symmetric about the
zero time delay. As pointed out by Erskine et al.,” this technique is
particularly useful for observing a fast decay process overlapping with a
much slower decay process. Vhen a fast process is superimposed on a slow
process, the slow process will form only a constant background while the
fast process will'produce a sharp symmetric peak in the equal pulse
correlation spectra. Using this technique and deconvolution, Erskine et
al.” have determined decay times even shorter than the length of the

incident laser pulses.

ITI. THEORY

In this section I will review the theory of excitons and of their
interactions with photons and phonons. Armed with the knowledge of these
interactions, one can write down rate equations descrihing the time
evolution of the exciton population as it relaxes towards thermal
equilibrium. Such rate equations are usually difficult to solve
analytically except for the simplest cases. However, nowadays even
personal computers are often powerful enough to solve these rate equations

numerically.
A) FExcitons

Excitons represent the simplest excitations which can be optically
excited in an insulator. In this article I will not consider more
complicated excitations such as biexcitons or exciton droplets. Let us
assume that the electronic band structure of the semiconductor can be
represented by two parabolic bands: a band filled with electrons labelled
as the valencé band and an empty band labelled as the conduction band (see
Fig. 4). An incident photon can excite an electron from the valence band
to the conduction band, leaving a hole behind. This electron-hole pair
will be attracted to each other via Coulomb interaction V(r). Due to the
presence of other valence electrons present in the solid, this Coulomb
interaction is screened. In semiconductors with band gaps of about 1 or 2
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eV or less this screening greatly weakens the Coulomb attraction between
the electron and the hole so that V(r) in the solid is given by:

V(r) = - o /(er) (1)

where e is the electronic charge, r is the distance between the electron
and the hole and € is the dielectric constant of the solid. The
diagonalization of the electron Hamiltonian including this Coulomb
interaction has been studied extensively in the'past. The e%sezgtates
consist of correlated electron-hole pairs known as excitons. ’
Traditionally excitons are classified as Frenkel excitons or Wannier
excitons according to some ill-defined rules. Roughly, if the exciton size
(such as given by the Bohr radius in case of Wannier excitons) is smaller
or comparable to the interatomic distance the exciton is considered
localized around the atoms and is known as a Frenkel exciton. Otherwise
the exciton is referred to as a Wannier exciton. In most crystalline
semiconductors, such as Si and GaAs, the dielectric constant is of the
order of. ten while the exciton reduced mass is less than the free electron
mass m , so the exciton Bohr radii are much larger than the lattice
constagﬁs. The excitons we will he studying are all Wannier excitons.

In this article I will use the second quantization notation to denote
the exciton Hamiltonian:

+
H =)0 FE (Wa (Ka (k)+1/2] (2)
X pk N n n
where E (k) denotes the iigenvalue of the exciton in bound state n and with
n
wavevector kX, a and a are the annihilation and creation operators for
n n
the exciton. For Wannier excitons, the eigenvalues E (k) can be obtained
n
within the eﬁfective mass approximation. E (k) is given by the
n

expression:

B () = % uR . hK*

S 3)
n g ne*m, 2M (

In Fq. (3) Eg is the energy gap between the conduction and valence band, R
is the Rydberg constant (=13.6 eV), M is the reduced mass of the exciton,
and M is the total mass of the exciton. In terms of the effective masses

m and mh of the electron and hole, M and M are given by: -
e : v



1

()J~)-1=(me)-1+(mh)—1 and M = me+mh. (4)

So far I have assumed that the electron and hole band extrema occur at
the same point in the reciprecal lattice space (or k-space) so the exciton
is said to be direct. When the electron and hole band extrema occur at
different points in k-space, the exciton is said to be indirect. Optical
transitions of indirect excitons require the cooperation of lattice

vibrations (phonons) to conserve quasimomenta.
B) Bound Excitons.

Both direct and indirect excitons are eigenstates of the crystal
potential so they can travel throughout the crystal. They are referred to
as free excitons as distinet from bound excitons which are localized around
defects. Excitons can be trapped by both neutral and charged impuritie342,
and by potential fluctuations in alloys. Bound excitons relax their
energy in a way different from free excitons. Fxcitons bound to neutral or
charged impurities (such as donors, acceptors or isovalent centers), tend
to have very well-defined energies and lifetimes. For example, in case of
excitons bound to neutral donors or acceptors the binding energy of the
exciton is about one tenth of the corresponding free exciton binding energy
(Hayne's Rule).AA The decay of these bound excitons is dominated by
radiative recombination or Auger processes. In Auger processes, the
exciton recombines nonradiatively, leaving the impurity in an excited
state.44 The crystal potential in alloys fiuctuates randomly about some
average value so that it can bind excitons with a range of binding energies
rather than a well-defined energy. Based on the Anderson ~ model of
localization of electrons, Lai and Kleiné have argued that, for lérge
enough fiuctuations, there should exist a well—defined energy, known as the
mobility edge, such that excitons with energy above the mobility edge are
delocalized while those helow the mobility edge are localized. Thus
excitons above the mobility edge éan relax rapidly into lower energy
states. But excitons helow the mobility edge are localized and, in order
to relax, they have to tunnel through space to reach the lower energy
Vstates. - Since the lower energy states correspond ﬁo deeper potentials

which:tend to be farther separated in space, one expects the relaxation
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rate of such bound excitons to depend on energy. Fach bound exciton can
relax into a distribution of lower energy states with a distribution of
relaxation rates, so the exciton population does not decay exponentially in

tine.

) Exciton Interaction with Radiation and Polaritons

In the presence of electromagnetic gadiation the Hamiltonian

describing our system will be given by:

H=H +H _+H | 5
x  rad x-rad (5)

where the two new terms represent the Hamiltonians for the photon and for

the interaction betwen excitons and photons. H 4 is given hy:
ra
+
H = (#kc/Me )[b b +1/2] (6)
rad EE ¥ k
s k

where b and bk are the photon creation and annihilation operators. H 4

X=Ta

is given by:

+ 4+ + o+
H =N {if(ba -b a+ba -b a )
x-rad ﬁ: k k k-k k =k
2 + 4+ + o+
+["BE (0) /(Akec M€)])(a a +a a +aa +a a ) (7)
n kk k k k-k k -k
The constant A in Fq.(7) can be expressed as:
2 2 1/2
A=["8E (0)E (k)/(HkeHE)] / (8)
n n

where B is the polarizability of the exciton. The way to diagonalize H
depends very much on the strength of H . For indirect excitons or
electric-dipole (ED) inactive excitons?—ﬁad is very weak and can be
treated by perturbation theory. In ED alfSﬁid excitons the situation is
much more complicated. |

D allowed Wannier excitons are polarization waves travelling in the
crystal and their properties are similar, in many ways, to optical

phonons. - Like infrared-active phonons, they are split into transverse
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and longitudinal modes by the longitudinal electric field produced by the
longitudinal oscillation. If this splitting is denoted hy E L’ the
dispersion of the transverse exciton Et is given by Fq.(3) while the

dispersion of the longitudinal exciton is given by:

E (k) =E (x) +E_ . 9
l() t('+lt (9)

4f
El+ is related to the exciton polarizability 8 hy:

s

B, = (2m8/e) Et(O)
The exciton dispersion curves are shown as broken lines in Fig.5; If we
neglect H y the dispersion of the photon is shown by the dot-dashed
line in F%éf%. Near the region where the photon curve intersects the
exciton curves, the photon and exciton energies are degenerate and K must
be diagonalized exactly. The resultant eigenmodes are now coupled
transverse exciton-photon modes known as exciton-polaritons, to be
abbreviated as polaritons jn this article. Equation (5) has been
diagonalized by Hopfield.  The polariton annihilation operator he
introduced will be denoted by:

+ +

=C a+C b+

a ) C.a_ +C b (10)
kj i1k 2k j3 <k j4 -k

where the definition of the constants C_ can be found in Ref.46.

n
The corresponding polariton dispersion is given by the following implicit
equation:

22 2
kel e, b g E2(k)

€(k,E) =
E ° E2(k)-g2

(11)

where €(k,E) is the dielectric function. The two solutions of Fg.(11)
corresponding to the two transverse propagating modes, which will be
referred to as polariton branches, are shown as solid curves in Fig.5.

The curves shown in Fig.5 are appropriate for the lowest energy exciton in
CdS.‘8 A phenomenological damping constant T can be introduced into Fg.(11)
to take care of the damping of the exciton due to its interaction with
phonons and trapping by defects.  For simplicity I' will be assumed to be
a constant independent of the exciton energy. As we will see, this is not
true in most cases.
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Equation (11) describes a spatially dispersive medium which allows two
modes with the same energy E>E_ to propagate in it. This gives rise to
several problems. One problem involves the calculation of the transmission
and reflection coefficients of light at the surface of the medium. The two
normal boundary conditions from the Maxwell's Equations are insufficient to
calculate the three unknowns in the problem:one reflected wave and two
transmitted waves inside the medium. Fxtensive literatures exist on how to
resolve this problem by introducting additional boundary conditions (ABC).
The ABC mainly affect the calculation of the radiative lifetime of
poiaritons so they will not be discussed in detail in this article.
Interested readers should consult ref. 50 for further details. A more
important problem of polaritons relevant to this article is their
dispersion. From Fig.5, one notes that the minimum energy of the lower
polariton branch is zero. In princ%$le polaritons should thermalize down
to the zero energy state. Toyozawa  has pointed out that the lower
polariton lifetime has a maximum near the transverse exciton energy which
he labelled the polariton bottleneck'. If the interaction time between
polaritons and phonons is short compared to the polariton lifetime at the
bottleneck then the polariton can reach a quasiequilibrium near the
bottleneck. The existence of this bottleneck can he understood from these
arguments. Polaritons with energies much higher than the longitudinal
exciton energy are mostly exciton-like. Their relaxation is dominated by
scattering with phonons. Polaritons with energies close to the transverse
exciton energy Et(O) become more and more photon-like and since photons
interact very weakly with phonons in this region, the relaxation rate of
polaritons should decrease. Polaritons with energies well below E (0), on
the other hand, are photon-like. As a result, they have high probabilities
of escaping from the sample. These low energy polaritons again have fast
relaxation rates due to radiative decay. Thus polaritons with energies in
the vicinity of E (0) should have the smallest relaxation rate and hence
the longest lifetime.

D) Fxciton Interaction with Phonons

Interaétion between excitons and phonons can be included in our model
by introducing additional terms H  in Fq.(5). The phonon is

and H
' - . ‘ X=p
described by the Hamiltonian:

ph
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+
H =Z’f1w (¢ c+1/2) (12)
ph ph g q
q
A +
where w _ is the phonon frequency, and ¢ and ¢ are the phonon creation

and annghilation operators. The Hamilto%ian H qh is defined by:
X-p

+ +
H = ji iV a a c 8 (13)
X-ph 4 x-ph ¥ k' q k-k',—.q
s ,
where the exciton-phonon matrix element V describes the scattering of
X—

an exciton with wavevector k' to k with emigsion of a phonon with
wavevector q. It is given by:

V. (1s,q) = [‘ﬁqu/(2V pu)]1/2 (14)
LA c

for the scattereing of an exciton in the 1s state by longitudinal acoustic
(LA) phonons. In Eq.(14) D is the deformation potential for the exciton, V
is the volume of the crystal, p is the density and u is the acoustic phonog
velocity (sound velocity). For most Wannier excitons this exciton-phonon
interaction is weak and can be treated by perturbation theory. The
corresponding exciton—phg?on métrix element for the longitudinal optical

(LO) phonon is given by:

2 2.., =1 -1.41/2
VLO= (ZWﬁMLOe /(ch )](Gm-i) ) (pe-ph) (15)

where € and € are the static and optical dielectric constants, p and p

o e
are defined in Ref. 51. This exciton-LO phonon interaction is also known

as the Frohlich interaction.
E) Rate Equations

Most time-resolved experiments have been analysed by comparison with a
- model calculation involving the solution of some rate equations for the
exciton populations. Let N denote the population of excitons or
polaritons'in state i whereli can stand for the exciton band index or
vavevector. Usually spatial diffusion of excitons is neglected to keep the
~ problem simple, so Ni depends on time only. The time evo%gtion of Ni is
assumed to be given by a Boltzmann-type of rate equation:
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(AN /at) = (3¥ /3t) - (3N /at) (16)
i i in i out

(3M /at)  denotes the rate at which excitons in state i are populated by
proéesseénsuch as absorption of external radiation and decay of excitons
from another state j. (BNi/at)ou+ denotes the rate at which excitons in
state i are depopulated by processes such as radiative and nonradiative
recombinations, scattering by phonons into other exciton states and
trapping by defects. The scattering of excitons by phonons causes all the
exciton states to be coupled together, so Eq.(16) represents really a
system of coupled differential equations. In most cases the rate equations
can be solved only numerically. This is not a serious drawback since,
nowadays, these rate equations can often be solved with desktop computers.

To obtain a qualitative feeling as to what kinds of solutions one can
expect from Eq. (16), I will consider some very simple models where Eq.(16)
can be solved analytically. Some of these models have heen applied to
analyse experimental results to be discussed later.
a) One exciton level model.

If we assume there is only one exciton state and it is populated at
the rate G(t) and depopulated at the constant rate Q. The rate equation
for the population N is simply:

dN/dt = G(t) - QN. (17)

Assuming further that the initial condition is N=0 at t=0, N(t) can be
shown to be given by:

. |
N(t) = exp(=Qt) f exp(Qt1)G (41 )b ! 9
0

If the generation rate can be approximated by a delta function (such as in
case of excitation by short laser pulses) then N(t) is a simple exponential
function. In many cases the exciton state is not directly excited by a
short laser pulse but is populated instead by relaxation of some other
excitons. Let us assume the other exciton decays exponentially so that
G(t)=gexp(-Q't). Substituting G(t) into Fq.(18) and solving for N(t) one
obtains: ' '

N(t) = glexp(=Q't)-exp(-Qt)1/(Q-qQ"). (19)
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Notice the symmetric role of Q and Q' in Eq.(19). In this case the decay
of N is not a simple exponential function except for time long compared to
both 1/Q and 1/Q'. Also contrary to intuition the risetime and falltime of
N are not necessarily given by Q' and Q respectively. Rather the risetime
is given by the smaller of 1/Q and 1/Q'.

b) Two exciton levels model.

Next we assume there are two exciton levels N and NQ which can
scatter into each other with rates W and W respectively. In addition
they can decay into states besides themselves with constant rates R1 and R
respectively. They also have generation rates G1(t) and Gz(t). Their

rate equations are given then by:

dN /dt =G (t) +W_ N -W N -RN (20)
1 1 21 2 12 1 11

and dN /dt =G (t) +W N -W N -RN . (21)
2 2 12 1 21 2 22

If the scattering mechanisms responsible for W and W are the same, such

as exciton-phonon interactions, W12 and Wé1 are related by the equation:

“H2 = Wé1exp(~E21/KbT) (22)
because of the principle of detailed balancing. In Fq.(23) E  is the
energy separation between exciton levels 1 and 2, K is the Boltzmann
constant and T is the lattice temperature. By assuming that the generation
rates C-1 and G2 are hoth delta functions and that W12<<(R1 and R2)<W'21 the
solutions for N1 and N2 are given approximately by:

N2(t) = NZ(O)exp[—(‘.ﬂ-Tm+R2)t-]
+ (W12/W21)[N1(O)+N2(O)]exp(—R1t) (23)
and N1(t) = -N1(o)(w21 /{'I21+R2)exp[-(w21+R2)t]

+ [N1(O)+N2(0)]exP(-R1t) : (24)
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The interpretation of N (t) and NZ(t) are actually quite simple. Xeeping
in mind that W is the largest rate and R is the smallest, we note that
N? decays at short times (t<<1/R1) approximately exponentially with time
constant 1/(W_ +R_) due to the first term in Fg.(23). At long times
(t>>1/(wW 1+R )) N2 again decays exponentially but now with time constant
1/R1 due to the second term in Fq.(23). On the other hand N first
increases with a risetime given approximately by 1/W__ due to decay of
excitons from level 2 into level 1. At long times N also decays
exponentially with time constant 1/R1. As t approaches infinity both N1
and N2 decay exponentially with time constant 1/R_ and their population
ratio N2/N1 is given by exp(-E21/KbT). This indicates that N1 and N2 are in
thermal equilibrium at long times. That the decay time constants of any
two levels are equal is an indication that the two levels have reached

thermal equilibrium.

IV. EXPFRIMENTAL RESUTTS

A) Forbidden Excitons in Cu20

Cu O has always been the classic material for sgudylng excitons
because it has both allowed and forbidden excitons. The two lower energy
exciton series, known as the yellow and green series, are ED forbidden.

The two higher energy series, known as the blue and indigo series, are ED
allowed. All four series show many well-defined peaks obeying thesgydgerg
formula (Fq. (3)) an% have been studied extensively bg agsorptlon,
photolumlnescence and resonant, Raman scattering. Information on
the relaxation of excitons between these series have been obtained from cw
measurements. For example, it is known from resonant Raman scattering that
the higher energy exciton states relax to the 1s yellow exciton via
emission of optical phonons. The 1s excitons thermalize via exchange of
LA phonons. The yellow exciton is formed from zone-center conduction and
valence bands with the same parity, so optical transitions are FD forbidden
without assistance of phonons. Due to the exchange interaction between the
electron and hole spins (both equal to 1/?) the 1s exciton is split into a
triplet (S=1) orthoexc1to$ state w1t24‘;5 symmetry and a singlet (S=0)
paraexciton state with [T symmetry. Assuming that both states decay
predominantly by 2
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phonon-assisted recombination their lifetimes are expected to be fairly
long like indirect bandgap semiconductors such as Si. Photoluminescggce
spectra have indicated that the 1s yellow excitons are thermalized.

Figure 6 shows a luminescence spectrum of the yellow exciton in §1high
quality Cu20 crystal at 26 K. The sharp peak around 16,400 cm has been
identified as the no-phonon emission peak of the orthoexciton via
electric~quadrupole transition. The lower energy peak labeled as ortho-

rﬂ is due to radiative recombination of the orthoexciton with simultaneous

emission of a I optical phonon. Similarly the peak labeled as para-

g; is due to recombination of the paraexciton with emisssion of a r;5
ﬁhonon. The lineshape I(hw) of these phonon-assisted peaks is consistent
with a. thermalized Maxwel%—goltzmann distribution:

Ihw) = GﬁwﬁﬁuHséhub) -exp[-ﬁ(w—uﬁs—ux)/KbT] (25)
where fiw is the photon energy and‘hm1 is tge k=0 exciton energy

s
appropriate for the ortho- or paraexcitons respectively and hw 1is the

appropriate phonon energy. P

In spite of extensive studies of the properties of the 1s excitons in
Cu20 several questions concerning their relaxations remained. Measurements
of the orthexciton lifetime in Cu O with nanosecond laser pulses indicated
that the orthoexciton lifetime was shorter tggn one nanosecond and
therefore determined by nonradiative decays. The variation of the
orthoexciton lug%nescence intensity with temperature (see Fig. 7) was
rather unusual. As the temperature was increased, the intensity first
decreased, reached a minirum around 20 K and started to increase
exponentially with temperature. Kreingol'd and coworkers  proposed that
this exponential increase in intensity with temperature could be explained
by thermalization between the ortho- and paraexciton above 30 K.

Recently Weiner et al. have used subnanosecond time-resolved
emission measurements to study the interaction between the ortho- and
paraexcitons in Cu20 and to clarify its role in determining the temperature
dependence of the orthoexciton luminescence intensity. Using a modelocked
- dye laser synchronously pumped by an Ar ion laser and a time-delayed
coincidence photon counting system, Weiner et al. measured the time decay
of the ortho- and paraexciton populations in Cu O as a function of
temperature. Figure 8 shows the resultant spectra at three
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different temperatures. At low temperatures (Fig. 8(a)) the orthoexcitons
and the paraexcitons both decayed exponentially but with quite different
lifetimes. As the temperature was increased the paraexciton decay remained
unchanged while the orthoexciton decay became quite different. The
orthoexciton decay appeared to be biexponential with a fast and a slow
decaying component. The slow component has a decay constant approximately
equal to that of the paraexciton. This is showm in Fig. &(b) for T=35 XK.
As the temperature was increased further the amplitude of the fast decaying
component decreased while its decay rate became larger. Eventually at high
enough temperature the orthoexciton decay became exponential again but now
dominated by the slow component. At T=48 K (FTg. 8(c)) both excitons
decayed with the same rate indicating that they have thermalized with each
other.

Weiner et al.66 used the two excitons model discussed in the last
section to analyze the time decays of the ortho~ and paraexciton in Cu 0.
The orthoexciton and paraexciton were identified with exciton levels 12and
2 respectively. The fast decaying component of the orthoexciton was
identified with the rate (Wé1+R2) while the paraexciton decay was
identified with the rate R . The paraexciton decay rate was found
experimentally to vary from sample to sample and so was determined
presumably by defect-related processes. The surprising result was the
strong temperature dependence of the orthoexciton decay rates (W_+R )
shown by the open circlesB}g Fig. 9. Thegexpef%mental resultg werf1f2§7g to
fit the expression: A+BT with A=(x10 sec and B=0.3x10 sec K .
Since the rate R2 was determined preéumably by defects and hence
temperature independent, Weiner et al. conclyded that the orthoexciton to
paraexciton conversion rate W__ varied as T° . They found no satisfactory
explanation for this temperature dependence after considerihg several
different mechanisms, such as two-phonon scattering. Thus the
time-resolved results showed conclusively that the orthoexcitons in Cu?O
decayed nonradiatively into paraexcitons. At T<30 K this decay occurred in
a few ns, a time comparablé to the paraexciton lifetime. As a result at
T<30 K the orthoexcitons were not in thermal equilibrium with the
- paraexcitons. The decay rate increased rapidly with temperature sé'that at
T>40 K the decay occurred in a time shorter than the paraexciton lifetime
- and the two exciton systems reached thermal equilibrium as suggested by
Kreingol'd and coworkers.60 - '



In the above photoluminescence experiments orthoexcitons with large
kinetic energies were excited by radiation. These excitons thermalized via
emission of optical and acoustic phonons to the bottom of the exciton band.
While the ortho- to paraexciton conversion occurred in ns the phonon
relaxation processes occurred in less than one ns, making them more
difficult to study. Yu and Shen ~’ ~ have studied these orthoexciton
relaxation processes with cw resonant Raman scattering (RRS). From these
studies they concluded that at low temperatures the orthoexcitons
thermalized predominantly via scattering with LA phonons. Using Eq. (13)
and (14) they predicted that the LA phonon scattering rate would increase
linearly with the exciton kinetic energgé This has been verified by Weiner
and Yu using time-resolved RRS in Cu O.

The two~phonon RRS process studied by Weiner and Yu is shown
schematically in the inset of Fig. 9(a). It involves the excitation of
orthoexcitons by [:?- phonon-assisted ED transitions. Because of phonon
participation, excitons with non-zero quasi-mementa can be excited. The
exciton kinetic energy is determined uniquely by the equation:

E=ﬁ[m-ws-w12], (26) _
where'ﬁua? is the energy of the dispersionless f: - phonon. In the_2[ﬂ2
Raman process the orthoexciton decays radiatively via another r
phonon-assisted ED transition producing the scattered photon. In thé inset
of Fig. 9(a) the arrows labeled LA represent possible relaxation of the
orthoexcitons by emission of LA phonons. Figure 9(a) shows a typical
time-integrated Raman spectrum of Cu O, when resonantly excited at 2 K by a
dye laser with frequency equal to 16,510 cm_1. The sharp peak at about
16,292 cm  is the 2"~ Raman peak. It is superimposed on a broader peak
due to r:?- phonon-asé%sted radiative decay of the thermalized
orthoexcitons (same as the peak labelled ortho- f:?' in Fig. 6).

Figure 10 shows the time dependence of the 2[?5 vhonon Raman peak for
three incident laser frequencies. The system response is represented hy
the curve labeled laser in Fig. 8. From Eq.(26), these three incident
laser frequencies corre§$onded'to excitation of orthoexcitons with kinetic
energies: 1, 4 and 7 cm  respectively. Weiner and Yu = have interpreted
these time decay curves as the sum of two components: a resonant Raman peak
. with time constant equal to the relaxation time of the orthoexciton and a
luminescence background which decayed with the lifetime



of the thermalized orthoexciton population. This interpretation was based
on the fact that the lifetime of the thermalized orthoexcitons was
independent of the laser frequency and was known from the ortho- to
paraexciton conversion rate to be 1.5 ns at 2 X. On the other hand the
exciton-LA phonon scattering rate should increase with the laser frequency.
The broken curve in Fig. 10 (iii) was a fit to the experimental curve by
convolving the system response with the expression:
[exp(-t/0.26ns)+0.126exp(~t/1.5ns)]. As the orthoexciton energy increased
in going from curve (i) to curve (iii), the magnitude of the RRS decreased
while its decay rate increased. On the other hand the luminescence
background remained constant. From these results Weiner and Yu determined
that the ortgoexciton-LA phonon scatteri2§ rate increased from
(1.040.4)x10" sec  to (2.8+0.7)x10" sec as the exciton energy was
increased from 4 to 7 cm- . The corresponding LA phonon scattering rates
calculated grom the known defgrmation potentiz% and properties of Cu20 were
1.8x10 sec and 3.3x10 sec respectively. The agreement with
experiment is quite good considering the uncertainties in both the
experimental and theoretical values.

From the above results it can be concluded that in Cu O the
orthoexciton lifetime is dominated by scattering with LA phonons except for
excitons with almost zero kinetic energy. The exciton lifetime decreases
with energy so, when the exciton energy is larger than 7 em » the exciton
relaxation times are of the order of 0.1 ns and cannot be resolved by
coincidence photon-counting techniques. To observe the thermalization of
the orthoexciton in real time, it is necessary to keep the lattice
temperature low and to excite log8energy excitons resonantly. It has been
suggested by Habiger and Compaan that orthoexcitons with zero kinetic
energy would be scattered by absorption of LA phonons and from the known
exciton and phonon dispersion curves the LA phonon absorbed should have a
frequency of about 5 cm . This means that a cold orthoexciton gas with
(K T/he)<5 em  will thermalize by absorbing energy from the lattice!

° T Qdemonstrate this warming of a nonequilibrium exciton gas, Weiner
and Yu excited resonantly orthoexcitons in Cu O at 2 K by
electric—quadrupole transition. The exciton population was monitored in
real time via the T;z' phonon-assisted recombination peak. The excitation
and scattering processes involved are shown schematically in Fig. 9(b)
together with the time-integrated emission spectrum. The time-
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dependent decay curves were measured at each emission frequency and stored
in a computer. From these decay curves the emission spectra at various
time delays were reconstructed as three dimensional plots in Fig. 11(a) and
(b). Since the decay curves were not deconvolved the time resolution was
limited to about 0.3 ns by the system response. From these curves it can
be deduced that the orthoexciton thermalization proceeded in this manner.
First a peak appeared at about 5_cm- above the resonantly excited excitons
ﬁithin 0.5 ns. The maximum amplitude of this peak was about 5% of that of
the main exciton peak. As time progressed both peaks decreased in |
magnitude while a broader background built up. After about 5 ns the
spectrum reached a constant lineshape representative of a Maxwell-Boltzmann
distribution.

To model the orthoexciton thermalization process Weiner and Yu69
assumed that the time dependent emission lineshape I(w,t) was related to
the exciton distribution function N(E,t) by: :

(uwt) = E'° N(E,¢) (27)
where hw was related to E via Fgq. (26). The function N(E,t) was obtained
by solving the rate equation:

av_faN\ _ [an\ _ (am) _ [an (28)

dt (at) <8t> (at) <at>
in out nr c

(3N/3t) . and (aN/at) were the rates at which excitons were scattered

into anénout of the s%gfes with energy E. (3N/3t) was the nonradiative

decay rate due to ortho- to paraexciton conversion?r(BN/at) was the rate

c
of exciton creation by the picosecond laser pulses and was assumed to be

given by:
2 2
(aﬂ/at)c = 6(t)exp(-E /W] (29)

where W was the width of the zero-phonon absorption line. Fxperimentally W
has been determined tQ be 0.4 cm- . All other parameters necessary for
calculating the rates in Eq. (28) were known, so Eq.(28) could be solved
numerically with no adjustable parameters. For comparison with the
experimental spectra, the computed curves were convolved with Gaussian
functions in frequency and time whose widths were chosen to he 1 em - and

0.5 ns respectively to correspond to the experimental conditions. In



addition, to simulate the fact that the experimental laser pulses have a
repetition rate of 80 MHz, a replica to the theoretical points delayed by
12.5 ns was added to the original computed points. The resulting
theoretical spectra shown in Fig. 11 (¢) and (d) reproduced quite well all
the experimental features.

B) Indirect Fxcitons in AgBr

The silver halides crystallize in the zincblende structure. Agl is
photosensitive and is an importantAphotographic material. Of the three
silver halides AgBr Sas been st%?ied ggre extensively by optical techniques
such as absorption, emission, PRS and, more recently, time-resolved
RRS.73_75

AgBr is an indirect bandgap semiconductor. Its band structure is
shown schematically in Fig. 12. While its conduction band minimum occurs
at the Brillouin zone center, its valence band maxima are at the L points.
From crystal symmetry there are four such nonequivalent maxima. Optical
transitions between the valence and conduction band extrema are ED allowed
but require the assistance of phonons to conserve quasimomenta. As a
result, the indirect excitons in AgBr are very similar to the forbidden
excitons in Cu O in their relaxation properties. Figure 13 shows
schematically the dispersion of the 1s exciton level in AgBr. The top
arrow labelled TO(L) represents optical excitation of the exciton with
emission of a TO phonon at the L point of the Brillouin zone. Although
other zone edge phonons can also participate in this transition, the TO(L)
phonon was found to have the largest oscillator strength. As in the case
of phonon-assisted optical excitations of the orthoexcitons in Cu 0, the
exciton kinetic energy E is determined by the photon energy Auw by energy
conservation via an equation similar to Fq.(26): ’

E=f(w-w ) ' (30)

-w
1s TO(T.)
The excited exciton, labelled as 8 in Fig.13, can decay in four ways -
indicated by the arrows (a) to (d). Path (a) represents the radiative
recombination of the exciton with emission of another TO(L) phonon. This
- process results -in the resonant Raman scattering of a 2TO(L) mode similar

to the 2f:2- mode in Cu20. Path (b) corresponds to relaxation within
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the same I valley by scattering with LA(I") phonons, while path (c)
represents scattering to another nonequivalent L valley by emission of a
TA(X) or LA(X) zone edge phonon. Finally path (d) represents nonradiative
recombination involving defects. Except for path (c) the other three
processes are similar to the corresponding processes in CuQO. AgBr has the
advantage over Cu O in that both its exciton mass and deformation potential
for scattering by the LA(") phonons are about a factor of two smaller than
the corresponding values in Cu 0. As a fesult, its exciton-LA()
relaxation rate increases less rapidly with exciton energy.

The exciton relaxation rates in AgBr have been measured by Stolz and
von der Osten. Similar to Weiner and Yu, = they excited the sample at
low temperatures with a synchronously pumped, modelocked dye laser
producing about 15 ps long pulses at 78 MHz repetion rate. The 2TO(L) RRS
was detected in a time-resolved manner by using a delayed coincidence
photon counting system. By using a fast, photomultiplier tube containing
microchannel plates and deconvolution techniques they were able to
determine exciton relaxation times as short as 10-20 ps in AgBr. The decay
constant of the 2TO(L) Raman mode was interpreted to be equal to the
exciton decay rate in the same manner as in Cu 0. The resultant exciton
decay rates in AgBr are plotted as a function of the exciton energies in
Fig. 14. The solid circles are the experimental points while the bhroken
curves represent the calculated energy-dependent scattering rates due to
the intravalley and intervalley processes shown in Fig. 13. The
intervalley processes have abrupt onsets because the zone edge acoustic
phonons have energies: 3.9 meV (TA) and 5.9 meV (LA) respectively. By
fitting the experimental points with the theoretical curves Stolz and von
der Osten were able to determine accurately the deformation potentials for
the intervalley exciton-phonon interactions and the nonradiative lifetime
of indirect excitons in AgBr. Their AgBr samples have nonradiative
lifetimes of about 2 ns. On the other hand, the TA() scattering time was
around 0.5 ns or longer. Thus at low temperatures the indirect excitons in
their AgBr samples would not have enéugh time to thermalize before
recombination. This conclusion was consistent with their time-resolved
resonant Raman spectra shown in Fig. 15. 1In the lower set of curves the
excitons were excited with energy 4.2 meV above the band minima.. Within a
time spah'of 10 ns none of the spectra showed a Maxwell-Boltzmann '
lineshape. In the upper set of curves the excitons were excited with 7.4
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meV of kinetic enegy. These excitons decayed faster via intervalley
scattering, producing the peaks labelled TA(X) and TA(X) and other
unidentified peaks. Within a few ns these peaks showed appreciate
broadening but their lineshapes deviated from a Maxwell-Roltzmann
distribution even after 10 ns.

Similar nonthermalized emission speétra have also been observed in
Cu20 samples grown by oxidation of copper. Caswell et al. have proposed
a model to explain quantitatively the emission spectra in such Cu 0
samples. In their model the orthoexciton lifetimes were assumed to be
reduced by defect trapping so that the excitons did not have enough time to
thermalize. The experimental emission spectra were fitted hy steady state

solutions of Fg.(28), treating the term (3N/ot) as an adjustable
parameter. They found that, in Cu O samples shgging nonthermalized
emission speétra, the nonradiative lifetime of the orthoexcitons was only
28 ps, almost fifty times shorter than the ortho- to paraexciton conversion
time.

C) Polaritons in Direct Randgap Semiconductors

Many intermetallic compounds formed from the Group III and Group V
elements (such as GaAs) and from the Group IT and Group VI elements (such
as CdS and ZnSe) crystallize in the zincblende or wurtzite structure. Most
of these compounds are direct bandgap semiconductors with their conduction.
and valence band extrema both occurring at the Brillouin zone center.
Optical transitions from the top valence band to the conduction band
minimum are ED allowed. In compounds with bandgaps larger than 1 eV the
fundamental absorption edge is often dominated by excitonic effects. It
has been found necessary to interpret the optical spectra of these
compounds in terms of exciton-polaritons.

Polaritons represent the most fundamental excitation in any material
that interacts with radiation. As a result, thev have been studied
extensively both theoretically and experimentally. The theoretical work
has concentrated on understanding their dispersion curves and the role of
the additional boundary conditions (ASC)  in determining the optical
spectra. The experimental work has been spurred hy theoretical
developments and advances in equirment. Much knowledge about polaritons
were obtained by conventional reflection and absorption spectroscopies.
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78 : 79
For example Hopfield and Thomas, - followed by many other groups, showed

that reflection anomalies in CdS and other semiconductors could be
explained by invoking polaritons with the appropriate ARC and by assuming
the presence of an exciton-free surface layer (nicknamed the dead layer).
Gross et al. = found that the lineshapes of the luminescence spectra in
high quality CdS and CdSe samples did not fit the Maxwell-RBoltzmann
distribution. Furthermore, the emission spectra showed two peaks instead .
of one as expected from one exciton band. Similar nonthermalized emission
spectra were observed by Sell et al. in GaAs. Gross and coworkers
attributed the nonthermalized lineshape to the unusual polariton dispersion
and the presence of the second emission peak to a high probability for the
polartions around the longitudinal exciton energy to escape from the
sample. Sumi devéloped a simple theoretical model which neglected the
contribution of the upper polariton branch while assuming that the lower
branch polaritons relaxed via scattering with LA phonons only. With this
simple model he was able to explain the nonthermalized emission lineshape
in CdS and to show that the emission peaked at the polariton bottleneck.
Since he neglected the upper branch he could not explain the presence of
the second emission peak. The appearance of narrow band tunable dye lasers
made it possible to perform resonant Brillouin scattering (RBS) studies of
polaritons first proposed by Brenig, Zeyher and Birman. These authors
showed that RBS is very powerful and direct method to study polariton
dispersions and the ABC's. X erimental RBS spectra were first rggorted by
Ulbrich and Weisbuch in GaAs. Subsequent work by these authors  and
others7 83 established the usefulness of RBS for studying polaritonms.

Although the above studies firmly established the validity of the
polariton concept in interpreting optical spectra and provided very
accurate measurement of polariton parameters, a few questions remain
unresolved, such as the explanation of the second peak in the emission
spectra ’ and the thermalization of polaritons. Viesner and Heim8'
first reported a time-resolved luminescence study in CdS using a modelocked
Ar ion laser. They found that at low temperatures (T<2 XK) the polariton
lifetime depended on energy indicating that polaritons did not thermalize
before emission. However, the polariton lifetime gid not reach a maximum
as expected from the bottleneck theory of Toyozawa  but instead increased
to a plateau. As temperature was increased the polariton decay became
nonexponential. Finally
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at temperatures above 30 K the polariton lifetime became independent of
energy indicating that polaritons had thermalized. Thus VWiesner and Heim
could only conclude that polaritons were not thermalized at low
temperatures hut became thermalized at higher temperatures. The existence
of the bottleneck and its role in the thermalization of polaritons remained
- unclear. More recentlgAthese problem have heen studied again in CdS and
CdSe by Askary and Yu.

Askary and Yu (to be referred to as AY) first extended the Sumi model
by including the upper polariton branch and the appropriate ABRC's. The
rate equations they used to calculate the relaxation of polaritons were
identical to Fgs.(20) and (21) except N1 and N denoted the lower and
‘upper polariton branches respectively. Also the polaritons formed bands so
N1 and N2 were functions of the polariton energy E. Other modifications to
the rate equations include the calculation of the rate coefficients W and
R. In the model of AY polaritons could decay into the same branch or into
another branch. The decay rate R consisted of two contributions: radiative
decay and nonradiative decay. The nonradiative decay rate was assumed to
be independent of polariton energy as was assumed also by Sumi. The
radiative decay rate was determined by the probability of escape of the
polariton out of the sample. In principle this is a very complex problem
involving the spatial diffusion of polaritons towards the sample surface
and the transmission coefficient of polaritons at the sample surface.
Askary and Yu avoided the transport problem by assuming that the polaritons
were excited with high kinetic energies close to the surface. VWhen these
high energy polaritons relaxed towards the bottleneck region they also
diffused into the sample to produce an uniform distribution near the
surface. With this simplification the radiative decay rate was determined
once the ABC's were specified.

Using this model they found that the calculated polariton distribution
function always showed one broad structure while the emission spectra
always showed two structures. Furthermore, the emission lineshape was more
sensitive to the ARC than the distribution function (see Fig. 16). Using
the Pekar ARC  they were able to fit, quantitatively most of the published
polariton emission spectra, except those of GaAs (see Fig. 17). By
comparing the polariton density-of-states with the emission spectra they
concluded that all the emission originated from the lower branch because of
its much higher
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density-of-states. The main peak resulted from the high densitv of
polaritons around the bottleneck whereas the higher energy structure
resulted from a peak in the polariton tranqgﬂsswon near the longitudinal
exciton energy as provosed by Gross et al

Using their model AY also calculated the tig?~resolved polariton
population in CdS as a function of temperature.”  These theoretical
results finally provided the basis for understanding the experimental
'fesults of Wiesner and Feim. First AY found that the calculated
time-resolved polariton poﬁulation of CAS showed single exponential decays
hoth at low temperature (T< 2K) and at high temperature (T> 20K) in
agreement with the experimental results. However there were important
differences hetween the two cases. The decay constant at low temperature
varied with the polariton energy while the decay constants at high
temperature were independent of energy. The theoretical decay curves
obtained by AY are reproduced in Fig. 18. From the low temperature decay
curves AY found that the decay constant decreased as the polariton energy
decreased towards the bottleneck as predicted by Toyozawa. But,  instead
of showing a peak at the bottleneck, it leveled off into a plateau as
observed experimentally first hy Wiesner and Helm (trlanples in Fig.
19(a)). The explanation for this behavior hinged on the fact that at low
temperatures polaritons were populated by relaxation from higher energy
states via emission of LA phonons. At energies much higher than the g
longitudinal exciton energy pblaritons were populated faster than they
could decay so the decay constant of the population was equal to the rate
of depopulation of the polariton states. As the polaritons relaxed toward
the transverse exciton energy, their phonon emission rate decreased hecause
the polaritons were hecoming more photon-like. On the other hand their
radiative decay rate increased as they became more photon-like. At the
enérgy where their population rate via phonon scattering became smaller
than their radiative decay rate, the decay constant eqﬁaled the smaller
generation rate as shown in Fgq. (19). The solid curve in Fig. 19(a)
represents the calculated decay rate of the polariton as a function of
energy. From the two curves in Fig. 1Q(a) it is clear that the decay rate
shows a well defined maximum which can be 1dent1f1ed as the bottleneck and
the two curves are identical only for energies above the bottleneck. Thus
when interpreted properly the results of Wiesner and Heim ~ have already
demonstrated the existence of the polariton hottleneck.
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The role of the hottleneck in the evolution of the polariton
distribution from the nonthermalized lineshape at low temperature to the
thermalized lineshape at high temperature was demonstrated by the
theoretical decay curves at intermediate temperatures. Figure 20 shows two
sets of theoretical decay curves for CdS at T=6 X for two different
- nonradiative recombination rates. These decay curves appear to consist of
two exponential decays. PRy fitting these decay curves Askarvy  obtained a
fast and a slow decay constant for CdS. His result for nonradiative
recombination rate of 9x10 sec is reproduced in Figure 21. The
interesting point to note is that the fast, decay rate is energy dependent
while the slow decay rate is energy independent. From the decay curves in
Fig. 20 it can be seen that the relative amplitudes of these two components
vary with energy. The fast component is dominant at higher energies while
the slow component dominates at energies around and below the bottleneck.
Furthermore the decay rate of the slow component is equal to that of the
nonradiative rate. Nonexponential decay curves were mentioned hy Wiesner
and Heim ~ but they did not specify whether the curves were biexponential.
As a result AY re-examined the time-resolved polariton decay curves in CdS
and CdSe at 6 K'using a gelayed- coincidence photon counting system
described in Section II. They found that indeed the ‘decay curves in bhoth
materials could he fitted quantitatively by the sum of two exponentials.
The fast (T?) and slow (11) decay time constants in CdS are plotted as a
function of polariton energy in Fig. 22. The results in CdSe were similar
and both were in good aualitative agreement with the theoretical results.
In addition the experimental results also showed that the slow component
became dominant at energies near the bottleneck.

The AY interpretation of these biexponential polariton decay curves is
- very similar to that of the hiexponential decays of the orthoexciton in
Cu?O. The polaritons above the hottleneck relax dovm to the hottleneck via
scattering with vhonons so that the fast decay rate represents the time it
taes the polaritons above the hottleneck to thermalize with the polaritons
at the bottleneck. Once the polaritons reach thermal equilibrium the
entire population decays at the rate determined by nonradiative
recombination. At low temperatures this thermalization time is long
compared to the polariton lifetime at the bhottleneck so the polariton
emission is nonthermalized. On the other hand at teﬁperatures above 25 X
the phonon scattering rate is so
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large that polaritons thermalize almost instantaneously. Thus, interesting
enough, the unusu%% temperature dependence of the orthoexciton luminescence
intensity in Cu 0 and of the decay rate of the polariton emission in CdS
turns out to have the same simple explanation.

From Fig. 17 one sees that the model of AY fails to explain the shape
and position of the higher energy emission ggak typically found ‘in Cals
and a few other semiconductor such as 7nTe. Subsequent work hy Xoteles
and coworkers)“ and hy Steiner et al. 4y showed conclusivelv that this
higher energy peak resulted from the transport of polaritons to the sample
surface. In studying the emission snmectra of Gals samples Qrown by
molecular hean epitaxy Koteles et al. " noticed that this doublet structure
was present only in samples with high donor concentrations (see spectra
labelled MBE 3-3 in Fig. 23). The purer samples (MBF 3-14 and MEE 3-0)
showed only one narrow peak in agreement with the model of AY. In studying
the dependence of the polariton egission lineshape in Gals on excitation
wavelength, 'lbrich and Weishuch ~ have already suggested that the
transport of polariton to the sample surface played an important role in
determining the polariton spectra. In particular they pointed out that the
polariton group velocity could decrease By several orders of magnitude at
the Mmee" of the lower polariton branch. Such polaritons wouldqhave high
probabilities of being scattered by impurities. Koteles et al. nroposed
that elastic scattering of these polaritons by neutral donors resulted in
decreased number of them reaching the surface and hence a dip in the
emission curve. In other words, the salient feature of the GaAs emission
spectra is not the existence of a second higher energy peak but rather the
presence of a dip at the energy where a peak is expected. The strongest
sunvort for this explanatigg came from the time-resolved emission spectra
obtained by Steiner et al. on the same (taAs sample as in Fig. 23. The
time-resolved spectra, measured with a delayed-coincidence photon counter,
are shown in Fig. 24."7 Mote that the sample MRF 3-14 with an intermediate
donor concentration showed only a single peak in the cw spectra. PBut at
short delay times after excitation its emission spectrum developed a dip
vhich disapoeared completely after ahout 1 ns. This strongly suggests that
polaritons with energies in the region of this dip talke longer time to
escape from the sample. Steiner = calculated the time-resolved polariton

emission spectra in GaAs using a Boltzmann equation which included elastic
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scattering by neutral donors. His results are reproduced in Fig. 25 and
they reproduce qualitatively the experimental spectra in Fig. 24.

The above time-resolved studies have also led to explanation of other
experimental results, such as the dependence of polariton emission spectra
on sample surface quality, excitation intensity etc. Thus. one can
_conclude that polariton emission spectra in semiconductors are finally
completely understood. |

D) Localized Excitons in Semiconductor Alloys

In most semiconductors, emission from free excitons is not as strong
as emission from excitons bound to neutral impurities. The reason is
because free excitons are mobile and are often trapped rapidly at neutral
donors or acceptors before they recombine radiatively° This is not always
true in semiconductor alloys. In alloys often intense and broad emission
peaks are found near free exciton energies. This is because excitons in
the alloys are localized by random crystal potential fluctuations so their
chance of heing trapped at neutral impurities is greatly reduced. In
addition excitons localized by potentiai‘fluctations often can recombine
only radiatively. In contrast, excitons bound to neutral donors or
acceptors can recombine nonradiatively via Auger processes. In such Auger
process the charges in the impurity atoms are excited from the ground state
into the excited states. As pointed out by Lai and Klein,
nonradiatively Auger processes are not possible for excitons localized by
potential fluctations in alloys, since the potential fluctations are not
charged.

Because of the strength of their emission, localized excitons in
alloys have bgg?gftudied by techniques éuch as lumineégggce excitation
spectroscopy, and time-resolved spectroscopies. " Much of these
work has been devoted to the determination of the exciton mobility edge
(ME)AB’ and to the study of exciton migration below the ME. In this
section I will concentrate on the study of exciton energy relaxation in
these alloys via time-resolved emission spectroscopies; in particular on
how the thermalization of excitons in these alloys is affected by the ME.
Semiconductor alloys are interesting because they form a bridge between the
crystalline and the amorphous semiconductors.
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The time dependence of exciton emissions in semiconductor alloys
can generally be divided into Sgo types, dependent on whether the alloy's
bandgap is direct or indirect.

The direct, bandgap alloy studied most extensively is CdS Se1 = for
0. 3<x<0 95. The cw emission spectra of gdngel x and their polarization
have been studied by Permogorov et al.” '~ as a function of the excitation
photon energy. The solid curves in Fig. 26 show the cw emission spectra of
two Cd%xSe1 samples at 2 K. In Fig. 26 (b) the largest emission peak is
due to recomblnaflon of excitons localized by random alloy fluctuations
‘whlle the two weaker pealks are its LO phonon 31de8§nds. The lineshape of
these peaks has been expl%ined by Ablyazov et al.  using a model proposed
by Baranovski and Efros. = The solid circles represent the degree of
polarization of the LO phonon sideband as a function of the pump laser
frequency. The polarization depends strongly on the excitation frequency.
Permogorov et al.” argued that when the excitons were mohile they should
dephase much faster than when they were localized. As a result they have
identified the energy at which the polarization decreases to zero (ahout
2.104 eV in Fig. 26 (b)) as the ME.

The dynamics of exgiton relaxation have been studied in CdS

Se
7 0.53 0.47
by Kash, Ron and Cohen. Using a delayed- coincidence photon counting

system they have obtained time-resolved emission spectra of this alloy as a
function of temperature. When excitons were excited above the bandgap,
they found that the emission spectra as a whole shifted to lower energy as
a function of time. In contrast, when the emission was excited below the
bandgap, the luminescence remained unchanged in energy and only the
amplitude decayed with time. These results are reproduced in Fig. 27.

Kash et al.18xplained_these results with a model first proposed by Cohen
and Sturge. When the excitons are excited above the bandgap, they relax
rapidly by emission of acoustic phonons until they become localized. These
localized excitons can tunnel into still lower énergy states with
assistance of acoustic phonons. However, the felaxation rate will decrease
because the density of final states in the tunneling decreases
exponentially with energy. Vhen localized excitons are resonantly excited
the lineshape of the emission becomes sharper and remains sharp since the
probability ofégunneling is now smaller than that of radiative
recombination. As a result, the localized exciton spectra decay in

amplitude uniformly with time.
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The above picture is also consistent, with the observed time dependence
of the decay. At low temperaﬁure Kash et al.9 found that the localized
excitons decayed nonexponentially. This is expected since each localized
exciton will see a different, environment and so will have a different,
probability of tunneling into a lower energy state. By defining an
"effective lifetime" based on the average decay slope, Kash et al. obtained
a plot of the energy dependence of this decay time shown in Fig. 28. The
interesting result is the sudden increase in this effective lifetime at
about 2.105 eV.  Although Kash et al.”~ did not identify this energv as
the ME, this energv is in good agreement with the ME determined hy
Permogorov et al. in CAS Se alloys from the luminescence polarization.
At higher temperatures, Kagh e%xal. found that the luminescence decay
btecame exponential and the decay rate became independent of emission
energy. This suggested that above 40 X excitons could be thermally
activated into extended states where thermal equilibrium can be attained.
Thus the temperature dependence of luminescence of localized excitons in
semiconductor alloys is very similar to that of exciton-polaritons.

The situation in semiconducting alloys with indirect bhand gaps, such’

as Ga Al As with x>0.43, is quite different. At first we may expect the
llfetlme of localized excitons in these alloys to be dominated by
nonradiative recombination rather than by radiative recombination. The
reason is because radiative recombination in indirect band gap materials
requires the participation of phonons to conserve momentum and hence the
radiative recombination time will be longer. As pointed but by Klein,
Sturge and Cohen , alloy fluctations relaxed the momentum conservation
requirement in these materials and made radiative recombhination the
dominant decay mode for the localized excitons. Recause each localized
exciton sees a different environment, again the decay of the luminescence
is expected to be nonexponential.

In this case an analytic expressiog describing the nonexponential
decays has been derived by Klein et al. These authors note that,in
GaAlAs alloys, the conduction band minima (X ) occur at the X point of the
Rrillouin zone while the valence band maximug (r’\ is at the zone center.
The oscillator strength for the zero phonon optlcal transition is given by
< I" | p | |"' >< r‘ |V|X >i where p is the electron
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momentum operator, [ is the lowest s-like conduction band minimum at (",

V is the fluctuation %n the crystal potential due to the alloying. In a
normal optical ftransition the electron has to scatter from the ™ conduction
band minimum to the X minima via phonons. In the alloy, V‘mixeg the
conduction band wavefunctions at I and X. In particular, if the wave
vector of the conduction band minimum at X is Ky, the oscillator strength
V(X )| , of V. The distribution
of radiative decay ratesqw is then determinedxby the distribution of

is proportional to the Fourier component,

V(K )] . Klein et al.  assumed that the excitons in indirect bhandgap
GaAlﬁs alloys were not exactly loeated at the X point but instead have a
'‘camel back' structure as in GaP. Tn this case V(K) would be complex
and for a completely random potential the distribution in |V(K)|  could be
shown to he an exponential function. Since W is proportional to |V(X)|

the distribution in W is also given by an exponential function:
-1 - ,
p(W) = (W) exp(-W/W ) (31)
m m

where W is the mean decay rate. Assuming that excitons can also decay at
n
the rate W via nonrandom nrocesses, such as phonon-assisted transitions
c
and nonradiative recombinations, then the time dependence of the

zero-phonon exciton luminescence after a delta-function pulse excitation is

given by:
-1
I(t) = (W) ./.Wexp[-(w + )t lo(W)aw (32)
n 0 om
-2 '
= [1+ t] exp(-W t) (33)
m o

Whether the exciton decay is exponential or nonexponential depends on the
relative magnitudes of W and W . For alloys, vhere the energy difference
between the N and X mingma is gmall, the I and X wave functions will be
more stronglycmixed by the potential V andchence W will be larger. Thus
for GaAlAs alloys with Al concentratlon near the dlrect-lndlrec? bandgap
cross-over (at about 43 7% of Al), one expects to see nonexponential excv+on
- decays described by Eq.(33). Figure 29 shows the time dependence of the

' zero-phonon peak at 2 K in Ga1 Al As for x=0.48 and 0.445.
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The smooth curz$s were fits t the_?ata points using hese_oarameters: (a
W o=6x10" sec , W =4.6x10 sec ; and (b) W =10 sec , W = 3.7x10
sgc-1. The excellegt agreement, between theory gnd experiment s%rongly

supports the stochastic nature of exciton recombination in these indirect

bandgap semiconductor alloys.
'E) Amorphous Hydrogenated Si

The compositional.discrder in alloys leads to nonthermal equilibrium
distribution for photoexcited excitons and to nonexvonential luminescence
decays. Amorphous semiconductors have structural disorder and one may
expect this disorder to cause similar behaviors in their luminescence
properties. This is only approximately true hecause the emission
properties of amorphous semiconductors are more complicated than those of
semiconductor alloys. There are two systems of amorphous semiconductors
which have been studied extensively. One system consists of mainly
chalcogenide glasses such as As S .  The other system consi$8§ of
tetrahedrally bonded semiconductors such as amorvhous silicon. ~

One expects an amorphous material to contain more nonradiative
recombination centers so their photoluminescence quantum efficiencies will
be lower than the corresponding crystalline material and they will not be
ideal candidates for photoluminescence studies. It turns out that
hydrogenated amorphous silicon is an exception. The quantum efficiency of
crystalline silicon is quite low (less than 1 %) because silicon is an
indirect bandgap semiconductor. On the other hand, quantum efficiency in
hydrogenated amorphous silicon (to be abbreviated as a-Si:F) has been found
to be as high as 20 7. ~ This high quantum efficiency of a-Si:H makes
them amenable to time-resolved photoluminescence studies and much
information on the relaxation of electron-hole pairs in a-Si:H has been
obtained from these studies. In this review I will consider the TRPL in
a-31:H only. Readers interested in corresponding results in chalcogenide
glasses should consult References 105. |

Before discussing the TRPL in a-Si:H it ié necessary to briefly review
some of its relevant properties. When a-Si was first studied in the

sixties, the samples typically exhibited no photoluminescence and have very



poor transport properties. These observations were explained by the fact
that a-Si contained high densities of dangling honds which served as
nonradiative recombination centers. In the late sixties Spear and
coworkersm6 discovered that dangling bonds in a-Si:H could be passivated
by hydrogen: Amorvhous Si grown by decomposition of SiHZL in a plasma glow
discharge showed low density of dangling bonds in electron spin resonance
and strong photoluminescence signals. From extensive studies of the
transport and optical properties, the local electron density-of-states
(shown schematically in Fig. 30) of a-Si:H have been deduced. As in
case of excitons in semiconductors alloys, it is believed that there are
mohility edges £ and E which separate the delocalized states from the
localized states? The Xensity—of—states below the mobility edge E ,
(referred to as the band tail states) resulted from disorderi The§ are

- 3
. -3 *
usually assumed to have an exponential dependence on energy:

g(E) ~ exp[-(,Ec-m/KbTO] (34)

where T is about 300 K for electrons. For holes the corresponding T is
about 580 K. The cw optical properties of a-Si:H are summarized in Fgg.
31. For photon energies ahove ~1.8 eV the absorption coefficient in
a~Si:H can be fitted with a (E-E ) dependence as in a direct bandgap
semiconductor with a bandgap E .g This leads to the definition of a
pseudo-optical gap of approximgtely 1.7-1.8 eV in a-Si:H, On the other
hand the energy of the PL peak is typically 1.4-1.5 aV. 04 This large
difference in energy between the optical gap and the PL peak was first
explained by the Franck-Condon shift in a strongly coupled electron-phonon
system. Time-resolved PL measurements have since shown that this energy
difference resulted from the relaxation of photoexcited electrons and holes
into the band tail states.

Time-resolved P has been studied in a-Si:H with time resolution
ranging from ms to ps. It was pointed out by Street = that when a system
has a wide distribution of relaxation times then the relaxation time
measured in a particular experiment would always be determined by the time
resolution of the experiment. Thus experiments with different time

resolutions could be measuring different processes. So far time-resolved
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PL experiments have been performed on a-Si:H on these time scales: (1) 50
ps=3 ns; (2) 0.5- 40 ns; and (3) 10 ns-1 ms. Ekperiments on even shorter
time scale$ogave been carried out using photoinduced absorption

technique. Based on *these measurements the following picture has
emerged on the time evolution of an electron-hole pair in a-Si:H excited by
photons with energies above the pseudo-optical gap. I should point out that
‘this picture is only valid for high quality a-Si:H samples with PL
efficiencies of at least 10 7 or more at low temperatures.

First the photoexcited electrons and holes relax via emission of
phonons toward their respective mohility edges. From photoinduced
absorptign the energy relaxation rate has been determined to be about 0.1
eV/ps. If the excitation photon energy is ahout 2 eV and the optical
gap is assured to be 1.8 eV, the electron-hole pair will be localized
within 2 ps. Thus all TRPL experiments performed so far on a-Si:¥ measure
only the relaxation of electrons and holes within the band tail states.
Furthermore it is generally believed that the holes are less mobile than
the electrons in the localized states so these experiments monitor mainly
the relaxation of the electrons. Electrons relax within these band tail
states by hopping into states with lower energies. As their energies are
lowered the density of final states they can relax into decreases
exponentially. Competing with these energy relaxation processes are
radiative and nonradiative recomination processes. During the hopning
processes the electron will every now and then hop onto a site containing
the hole and recombination occurs. Thus the radiative recombination rate
is determined by the distance between the electron and hole separation
during the relaxation. In a-Si:H samples with high quantum efficiencies
the maximum radiative lifetime was found to be about 10 ns. This time
represents the recombination time of the closest pairs. For the more
distant pairs the recombination will be slower so there is a large range of
reconbination times. During all these honping processes the electrons will
also relax in energy so the peak of PL shifts to lower frequency with
time. In many resvects the behavior of the Pl peak in a-Si:Y hetween 10 ns
and 0.1 ms is very analogous to the donor-acceptor pair recombination peak
in semiconductors such as GaP. As the electron-hole pairs relax their
average separgtiogaalso increases. If the initial density of e-h pairs'is
less than 10 cm ~ which is typical of most Pl experiments the
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electron will be closer to the hole it left hehind than to other e-h pairs.
Thus in early times the electron can recombine only with the original hole
with which it is created together by the photon. This kind of
recombination is referred to as geminate recomhination. Tn crvstalline
semiconductors, recombination of electrons and holes is usually
nongeminate. For long times, such as on ms time scale, one may expect,
that electrons and holes may have wand$£8d far enough from each other for
nongeminate recombination to dominate.

T will now examine the experimental results based on which the above
picture has been obtajned,

Orlowski and Scher have utilized a passively modelocked Md:Glass
laser and streak camera to measure the time dependence of the high energv
emission (1.5-2.1 &) in a-Si:H between 10 ps and 4 ns. A typical time
dependent decay curve of the PL at low temperature is shown in Fig. 31.

The sol1d curve renresent a fit to the decay with a powsr law dependence:
I(t)= t - Orlows”i and Scher found that v increased linearly with sample
temperature from about 0.5 at 20 K to about 1 at 180 K. Such power law
dacavs are not unusual in the properties of amorphous materials. For
example the transport pronerties of a-Si are also knowm to be ?1sp rsive
with the mobility having a vower law dependence on time: u wt where o
is usually referred to as the Aispersion parameter. Models have been ;
proposed to explain such dispersive transport in amorphous materials.

For example the multiple trapping model1 predicts that a=T/T with

K T =50 meV. The dependence on T of vy in this case is not consigtent with
tﬁeoprediction of the multiple trapping model so Orlowski and Scher
proposed a different model. Their model was the first comprehensive model
of energy relaxation within the band tail states of an amorphous material.
Te model assumed that. there were manv clusters of sites embedded in a
random distribution of additional sites. An electron could hop an
arbitrary numher of times between sites within a cluster but could hop only
once to the sites outside the cluster. The probability W(r) of hopping to a

site at distance r outside the cluster was given hyv:

W(r) = ¥ exp(-r/R) (35)
o .



40

L3
where W and R were estimated to be ~10 = s and 7 A respectively from the
o)
properties of donor electrons in crystalline Si. The probability p(r, AR)
that an electron with energy E  (below the conduction band edge F ) would

_ c
find a site at distance r and with energy lowered by AE was assumed to he:
p(r,4E) = g exp[-(E -AF)/K T ] (36)
o 1 b o

where g ag% Ky Tos the width of the band-tail states, were assumed to be

o
about 4x10 eV cm and 30 meV respectively. Furthermore the transition

probability was assumed to be nonzero only for AE between -Aw and X T.

The energy fiw could be considered an effective phonon energyoas in the
case of crystglline material. By assuming that each cluster contained only
two sites and carrying out exactly the configuration average over all the
remaining sites, Orlowski and Scher obtained a power law decay as observed
experimentally. By fitting the experimental data (shown as the solid lines
in Fig. 31) they deduced that W =3x10 s_ , hw =20 meV and the initial
electron energy E to be 50 meV? Thus the smaliest hopping time at the
beginning of their experiment was about 60 psec at T=20 K. Since the time
resolution of their experiment was about 100 ps this result was quite
consistent with Street's argument. It was also clear that the multiple
trapping model was not approoriate for the low temperatures in their
experiment. For E1=50 meV and T=20 K it would take about 10 s for the
electron to tunnel out of a trap.

Time-resolved PL in a=Si:H in the range of about 0.3-100 ns has been
studied by several1$§oups.3’113’

Wilson et al. measured the time decay of the total luminescence
intensity from a-Si:H and found an approximately exponential decay with
time constant of about 8 ns within the first few ns. Since the energy
relaxation processes discussed by Orlowski and Scher would only
red%?%ribute and not, annihilate the electron and hole pairs, Wilson et
al. =

of electron~hole pairs in a-Si:H. They also concluded that this radiative

have interpreted this decay time as the radiative recombination time

lifetime was compatible with the picture of localized excitons although
this interpretation was not unique. If v represented the initial decay
rate of PL in a-Si:H, Wilson et al. found that v depends on temperature T

as:



v=v + vy exp(T/T ) (37)
1 o o} '

where v =1.Ox108 s s Vv =N.27x10 s  and T A95 XK. The temperature
indepenéent vV was intgrpreted as the radigﬁive recombination rate while
v as the nonradiative reéombination rate. OSeveral mechanisms, such as
gpatial tunneling, phonon-assisted local relaxation at internal surfaces,
have been suggested to explain the exponential dependence of the
nonradiative rate. Wilson et al. noted that Fq. (37) was very similar to
the equa+1on desch?gng temperature quenching of cw PL in a-Si:H reported
by Collins et al.:

1) =) . Rexp(T/7,) (38)
(o)

cw
although the temperature T describing the cw Pl was considerably smaller
than T Thus from the worl of Wilson et al. one can conclude that, at
low temperatures, after relaxating into the band-tail states photoexcited
electron-hole pairs in a-Si:H recombine radiatively at the initial rate of
about 10 s . At higher temperatures nonradiative decays hecome activated
and more important.

A comprehensive study of TRPL in a-Si:H has also been reported hy
Stearns.” Instead of using short laser pulses, as in most other
experinents, Stearns used the subnanosecond pulses from the Stanford
Synchrotron Radiation Laboratory to excite the PL. He used the tunahility
of the synchrotron radiation to vary the excitation photon energy. In
addition he also studied the time decay of the PL as a function of the
emission energy and temperature. Stearns fitted the nonexponential decay
of the PL. with a function different from the one used by Orlowski and
Scher. He found ﬁhat all his time decay curves can be fitted very well
by the single expression of the form:

T(t) = a1 +a2/(t+to) (39)

Stearns justified this expression on the ground that an amorphous material
would have a distribution of relaxation times F(v). If the distribution
has an exponential dependence on the high frequency side beyond a cut-off

frequency v:
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v F(v) = a_exp(~t v) VRS (40)
r 2 o
where v 1is the average radiative recombination time,then T(t) will bhe
I‘ - -
given by Hq.(39) provided (v) = is much longer than the time of the

experinent. The constant a1 is given by:

LV P

2 =f1 Flv)du (41)

- - 6 -1
Stearns surgested that a reasonahle value for v would be 810 s . Stearns
interpreted to as the ’'decay time cutoff' since it determined how fast the
decay rate distritmtion would attenuated at v larger thanv. Another way
to understand + is that, when the time is much longer than t , I(t) simply
decays as t . ° The factor S=a1to/a represents the fractiongl _
contribution to the early PL decay from the slow decay components (v<v) in
the decay rate distribution.

Stearns found that both t and S changed with temperature, excitation
frequencies and emission frequgncies. The changes were larger with
temperature and emission frequencies. In particular (% )- varied with T
in the same way as v in Eq.(37). For excitation energyoof 2.07 eV and
emission energy of 1.43 eV, v _and v were found to be equal to 6éx10 s
and 2.7x10 s respectively, and T wgs equal to 24.5 K. Thus Stearns
and Wilson et al. found the same te;perature dependence in the initial
decay rate of PL in a-Si:H but their values of v , v
and the activation temperatures were quite different? As in most work on
amorphous materials one can only account for the djifferent results by the
different samples used in the two experiments. Unfortunately the different
results led to different conclusions. Wilson et al. found the |
temperature indemendent radiative decay rate v to be larger than the
temperature dependent rate v . As a result tgey concluded that the
initial decay of electron-hole pairs in a-Si:H was dominated by radiative
recomdination. Stearns, however, found that the temperature dependent rate
was much larger so he suggested an alternate1gzplanation. This alternate
model, proposed hv Street and other work$€2, is an analogue of the

donor-acceptor pair recombination model.
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The donor-acceptor model was used by Tsang and Street to explain their
TRPT, results in a-S8i:1 measured for decay times >10 ns. They found that
the Pl peak height and:frequency both continued to decrease with time
hetween 10 s and 10 ~ s. Their picture of what was happening was that
electrons and holes separated from each other in their initial relaxation
into the band tail states. Tn these localized states radiative
recombination occurred via tunneling of electrons to the hole tfaps. This
tunneling rate depended strongly on the separation between the electrons
and holes. The close pairs recombined first while the more distant pairs
took longer time to recomhine. Thus the decay of the PL intensity with
time was caused, not so much by the decay of the electron-~hole population,
but, rather by the decrease in the radiative recombination rate. The
decrease in the emission peak frequency could also be explained in this
model by the Coulomb interaction between the electron and the hole. This
Coulomh attraction was larger for the closer pairs than for the distant
pairs so, as the more distant pairs recombined in later times, the emission
frequency also decreased. However some of Tsang and Street's conclusions
were disputed hy Wilson and Xerwin. The latter authors repeated the
experiment, of Tsang and Street and found similar results, except when they
changed fhe excitation frequency. They found that the decrease in emission
peak frequency with tlme disappeared when the excitation frequency was
decreased from 18790 cm  to 13170 em '. Thus they concluded that the
shift of the PL pealt between 10 s and 10 8 observed by Tsang ancd Street
was not due to the Coulomb interaction between electrons and holes although
the later time shifts (t>10 = s) was consistent with that
mechanism. Instead they explained the emission peak shifts by the energy
relaxation of the electron-hole pairs in the band tail states. If this
explanation were correct then the energy relaxation processes of electrons
and holes in a-Si:H would extend in time from ps to ms. This would be
consistent with the expectation that electronsvand holes never attained.

comnlete thermal equilibrium in highly dwsordpreﬁ systems.



F) Electron-Hole Plasmas in GaAs

When the exciton density becomes large enough, electron wavefunctions
in adjacent excitons will overlap. The electron-electron and hole-hole
correlation can become more important than the electron-hole correlation.
Vhen this happens, the excitons will dissociate into a two-component plasma
'consisting of an electron gas moving relative to the heavier holes. The
relaxation of such electron-hole plasmas (to be abbreviated as FHP) in some
seniconductors, such as Si and GaAs, has been the subject of intensive
studies. In case of Si, the relaxation processes of energetic EMP are
important for understanding laser annealing. In GaAs these processes are
releﬁant to hot electron devices, such as Gunn oscillators. As a result,
both extensive experimental and theoretical studies have been devoted to

understand the properties of EHP in thesg semiconductors. Also many review

—
<.

articles have been written on then. However, hecause of the
complexities arising from many-body effects, the details of some of these
relaxation processes are still not completely understood. In this article
I will concentrate on the recent experimental results in GaAs and related
materials. My emphasis will be on what has heen learnt about the
relaxation of EHP in GaAs and on pointing out areas where further work are
still needed. '

Much of the earlier experimental and theoretical worl on hot electron
effects in GaAs and related semiconductors has been reviewed by Conwell
in her book. From these earlier transpoft experiments it is known that the
relaxation of hot electrons depends on the carrier density N.

For relatively low density plasmas (N<10 cm-B) electron-electron
interaction iszgelatiyely unimportant compared to electron-phonon
interactions. =~ 'hen a nonequilibrium distribution of FHP is excited,
for example by optical excitation, the eiectrons and holes relax
predominantly by successive emission of IO phonons via the Frohlich
interactiorgy3 The time required to emit one LO phonon is about 0.1 ps (see
Fig. 32). 7 Vhen the electrons do not have sufficient energy to emit
IO phonons, they thermalize via scattering with acoustic phonbns. ~The
scattering time of electrons with acoustic phonons is of the order of 10 ps
or more so the thermalization time of such low dénsity EHP is of the order

of 100 ps. When the experiment is perfdrmed at low temperatures, often the
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temperature of the electrons (T ) after thermalization is s+1]l higher than
the lattice temperature (TT). Tt tales nanoseconds for the electrons to
cool to the lattice temrperature. It was not possible to measure the
cnollnp1ga+e before the advent of vicosecond and femtosecond lasers.
Ulbrich ~ was one of the first to use a modelocked, subnanosecond laser to
study the cooling of a warm nhotoexcited electron gas by TRPL (see Fig.
33). At higher T , the electron cooling rate became faster and picosecond
laser pulses haveeto be used. These faster cooling ra;e$ogor electrons in

GaAs have beeggde+erm3ned by photoinduced absorotion " and TRPT,

- Figure 34 shows the cooling curve obtained by von der

studles.
Linde and Lambrich. ~ Still the time resolution in these experiments were
not faster enough to measure the electron distribution before
thermalization. Only recently, with subpicosecond pulses generated by CPM
dye lasers, it became possible to detegmi?g1the time evolution of a

7 Even then the electron

nonequilibrium electron distribution. ~
energies were kept small enough so that electrons relaxed slowly by
emission of acoustic phonons only. The fast relaxation of hot electrons by
emission of IO phonons can be observed only indirectly. Instead of
measuring the electron distribution, one can?meaggre the L0 phonon

' From the risetime of

population hy anti-Stokes Raman scattering.
the nonequilibrium LO phonon population, XKash et al. have determined the
time required *o emit, one LO phonon in GaAs to be 0.1545 ps.

The situation zg much more complicated when the plasma density is
higher than 10 cm . First the electron-electron, hole-hole and
electron-hole interactions are now stronger than the electron-phonon
interactions. As a result, the photoexicted electrons and holes will
thermalize first and then cool towards the lattice temperature. However,
the relative magnitudés of these carrier-carrier interactions are very
poorly knowm both theoretically and experimentally. Since most
experiments determine only the electron temperature, it is not knowm
whether the electrons and holes are in equilibrium and what is the hole
coolinp rate. From the theoretical point, of view the calculation of these
carrier-carrier interactions including exchange and correlatlon is an
exfremelv difficult many-body problem. Recently Tin et al. » have
determlned the relaxation of hot EHP in GaAs excited by 35 fs long dye

laser pulses. They ohserved .a fast component with relaxation times rancing
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from 13 to 30 fs depending on the carrier density. They attribut$gAthis
fast, relaxation time to carrier-carrier scatterine. Huang and Yu  have
also estimated, from the lineshape of Raman spectra due to single particle
scattering, that the electron scattering time (due to both
electgon—flectron and eleétron—hole interactions) in an FHP of density

- 1x10 em ~ to be 70 fs for GaAs. These carrier-carrier scattering tiges
are consistent with the theoretical estimate of >50 fs by Levi et al. ~
using the random phase approximation. Hulin et al. = have calculated the
carrier-carrier interactions in high density EHP in Si. They concluded
that the electron scattering time was dominated by electron-hole
scattering. The scattering times of carriers in high density EHP are near
the limi% but still within the range of present measurement technology so
one can expect that more precise determination of these scattering times
will be available in the near future.

Another problem inqgnderstanding the relaxation of dense FFP was first
noted by Tehenv et al. = These authors found that the cooling rate of hot
electrons in photoexcited EHP in GaAs could be explained satisfactorily by
electron-phonon interaction provided N is less than 5x101 em ~. For
larger N they found thaﬁ'the initial cooling rate was significantly
reduced. They explained this decrease in the cooling rate by the screening
of thqurohlich interaction. An alternate explanation was offered by van
Driel = who has also found anomalously long energy relaxation times for
dense EHP in highly excited Ge. Instead, van Driel proposed that this slow
down in the FHP cooling could be explained by hot phonons. The hot
carriers relaxed by emitting optical phonons. These nonequilibrium optical
phonons have to decay into acoustic phonons by the much slower anharmonic
phonon interactions. ‘Thus the optical phonons heated up and slowed down
the cooline of the hot carriers. In other words, electrons would
thermalize with optical bhonons, and once the two reached the same
temperature, the cooling rate of the electronvwéuld bquetermined by that
of the optical phonons. Althoush recent calculations = and experiments
support, the "hot phonon" explanation for the slow down of FHP cooling rates
at, high densities, a definitive experiment, such as one in which both the
electron and phonon temperatures are monitored simultaneously, is still
lacking.
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The cooling of a dense EFP at later times are comnlicated bv +wo other
factors: spatical expansion of the EHP and radiative recombination. Several
worzers have reporte§ anomalously fast exmansion of hot dense FVP excited
by s l=aser nulses. * T+ has been proposed that the motion of the TH® in
this case was not driven by diffusion. %ngtead the electrons were pushed
apart by the so-called "Fermi pressure". " Such adiahatic expansion of
the FHP should cool the plasma rapidly vhile at the same time decrease the
plasma density. Since the Fermi pressure and the cooling of the W9P are
both strongly density dependent, the dynamics of such hot dense FHP should
‘be highly nonlinear and quite interesting.

The cooling of two—dimensional EHP in quantum well structures has also
been studied wi*h ps and subpicosecond lasers. The results are still
controversial., UWhile some groups T nave found that the cooling rates
of 2-D EHP were slower than the corresponding 3-D plasma at high densities,
otheq/group has found no difference between the cooling rates of 2D and 3D
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TABLE 1 SUMMARY OF CHARACTERISTICS OF COMMON LASER SYSTEMS GENERATING
PICOSECOND OR SUBPICOSECOND PULSES

LASER SYSTEM PULSE
DURATION

(a) Modelocked Pulse >10 ps
Nd:glass

(b) Modelocked Pulse <100 ps
Nd:YAG

(¢) Modelocked cw <100 ps
Nd:YAG

(d) Modelocked cw >150 ps
Ar ion

(e) Dye Laser Synchron- >1 ps
ously pumped by
modelocked Nd:YAG

(f) Dye Laser Synchron- >1 ps
ously pumped by
modelocked Ar ion

(g) Colliding Pulse <0.1 ps
passively modelcked

dye laser

PHOTON REPETTITION
ENERGY RATE
1.17 eV 1 Hz
or 2.34 eV
ditto >100 Hz
8
ditto <10 Hz
8
in steps 8
1-2.3 eV <10 Hz
, 8
1-2.3 eV <10 Hz
8
2 eV <10 Hz

ENERGY/
PULSE

>1 md

>1 mJ

<100 nd

<10 nd

<10 nd

<1 nd

<1 nJ
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FIGURE CAPTIONS

Schematic diagram of the construction of a colliding pulse
modelocked dye laser.

Schematic diagramlof an experimental setup for determining the time
dependence of emission from a sample using a synchronously pumped
modelocked dye laser as the excitation source and the time-delayed
coincidence photon counter as the detecting system. The notations
are: CFD-Constant Fraction Discriminator; TAC- Time~Amplitude
Converter; PHA- Pulse Height Analyser. (From Ref. 22).

Schematical diagram of a optical Kerr shutter.

Two-band models of exciton for: (A) a direct bandgap semiconductor

and (B) an indirect bandgap semiconductor.

Dispersion curves of photon (dot-dashed line), exciton (broken
curve) and polariton (solid curve) for the lowest energy exciton for
CdS. (From Ref. 48).

Photoluminescence spectrum of Cu O showing the no-phonon peak of the
1s exciton (labelled ORTHO(EQ)) and the phonon assisted peaks of the
orthoexciton and of the paraexciton. (From Ref. 22).

Dependence of the orthoexciton luminescence intensity on
temperature. (From Ref. 66).

The time decay of the orthoexciton and paraexciton luminescence
intensity at three different temperatures:(a) T=2.5 K; (b)35 X and
(c)48 K. (From Ref. 66).

Luminescence spectra of Cu O excited at two different frequencies.
The insets show schematically the excitation, relaxation and
emission processes of the orthoexciton in Cu20 for the two



58

different excitation frequencies. The arrows labelled LA and [° represent

FIG.10

FIG.11

Fig.12

Fig.13

FIG.14

Fig.15

Fig.16

relaxation of the orthoexciton via emission of LA phonons and fﬂz
phonons respectively. (From Ref. 55).

Decay of the 2[;2 phonon Raman peak in Cu20 for three different
incident laser frequencies. These laser frequencies correspond to
excitation of orthoexcitons with kinetic energies: (a) 1 cm ; (b)
Lem ;and (c) 7 cm respectively. The broken curve is a fit to
the experimental curve with a biexponential decay: exp(-t/0.26
ns)+exp(-t/1.5 ns). (From Ref. 55).

(a) and (b) Experimental time dependent luminescence spectra of the
r;z phonon sideband of the orthoexciton in Cu20. (¢) and (4d)
Corresponding computed time dependent emission spectra using the
model described in Ref. 69.

Schematic band structure of AgBr reproduced from Ref. 75.

Schematic exciton band diagram of AgBr showing the intervalley and
intravalley scattering of excitons by various phonons.

Scattering rate of the indirect exciton in AgBr as a function of its
kinetic energy. The broken curves show the calculated contributions
to the total scattering rate (solid curve) due to scattering by the’
different phonons. The 'solid points are experimental data. (From
Ref. 75).

Time-resolved resonant Raman scattering spectra in AgBr excited at
two different laser energies: 2.700 eV (top spectra) and 2.6968 eV
(bottom spectra). (From Ref. 75).

Computed polariton density of states (a) and emission spectra (b) in
CdS using two different additional boundary conditions: broken
curves~Pekar's ABC (Ref. 77); solid curves-ABC from C. S. Ting, M.

. Frankel and J. L. Birman, Solid State Commm. 17, 1285 (1975).

EL and FT denote respectively the energies of the longltudlnal and

transverse excitons in CdS. (From Ref. 86).
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Fig.19

Fig.20

Fig.21

Fig.22

Fig.23
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Experimental and computed polariton emission spectra in four

different semiconductors reproduced from Ref. 86.

Computed decay profiles of the lower brancg1polaritons in CdS. The
three coordinate axes are: x~ energy in c¢cm ; y- time in ns; and z-
log of the polariton population in arbitrary units. The peak
populations for each curve have been normalized to facilitate
comparison of decay rates. Sample temperatures for the four sets of
curves are: (a) 0 K; (b) 1.6 K; (c¢) 4 K; (d) 25 K.

A comparison hetween the theoretical inverse loss rates (solid
curve) and the decay times (triangles) of the polariton in CdS. The
decay times were obtained by single exponential fits to the
calculated decay profiles in Fig. 18 (a) and (d). The temperatures
for the two sets of curves are (a) 0 K; (b) 25 K.

Effect of impurity trapping rate on the computed decay profiles of
CdS at 6 K. The x and y coordinate axes are same as in Fig. 18. The
z axes in (a) and (b) are linear in the polariton population while
the z axes in (c) and (d) are logarithmic in the the population.

The impurity trapping rates are:3x10 s for curves in (a) and (c);
910 s  for (b) and (d).

Comarison of the inverse loss rates (solid curve) and the two decay
times obtained by fitting the calculated decay profiles in Fig. 20
(d) with a biexponential decay. The triangles represent the longer
decay time and the crosses the shorter decay time.

Summary of the experimental results on the time decay of polaritons
in CdS obtained at 6 K by Askary and Yu (Ref. 54). The triangles
and crosses represent respectively the long and short decay times as
in Fig. 21. The open circles represent the fractional amplitude of
the longer decay time component in the decay profiles.

The steady state emission spectra of three GaAs samples grown by
molecular beam epitaxy (MBE). The lower curves have progressively
lower donor concentrations as shown by the progressively weaker
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, o o
bound exciton peaks (D ,X) and (D ,h) as compared with the polariton (X)

"Fig.24

Fig.25

Fig.26

Fig.27

Fig.28

Fig.29

peak.

A series of experimental time resolved emission spectra for the
three MBE GaAs samples in Fig. 23. In the sample MBE 3-14 notice how
the dip in the sample evolved into a peak at longer times. The
photon energy scales are identical for the three samples.

A series of computed time resolved emission spectra for the
polariton in GaAs. The model assumes polariton are scattered by
neutral donors and the donor concentrations (ND)in the three series
of curves have been adjusted to approximately reproduce the
experimental spectra in Fig. 24. (From Ref. 24).

Excitation spectra of the degrees of polarization in CdS1_xSex with
x=0.1 (a); and x=0.49 (b). The energy scales are that of the
exciting laser. Solid circles represent the maximum values of the
degree of polarization in the LO_ phonon replica at a given
excitation energy; Open circles show the energy dependence of the
narrow LO  line intensity relative to the L0 wing intensity. The
solid curves show the luminescence at bandgap excitation. The
reflectivity spectrum for the x=0.1 sample is shown in the inset.
(From Ref. 91).

A series of time resolved emission spectra in CdS 53Seo 7 excited
by different laser energies at 2 K. The luminescence in.%b) and (c)
is monitored in the LO phonon replica and the energy scale is
shifted from (a) by the corresponding phonon energy of 25.5 meV
(From Kash, Ron and Cohen, Ref. 93).

Effective lifetimes (solid circles) of excitons bound by potential
fluctuations in CdSO 53SeO 47 at 2 K. The solid curve is the time
integrated luminescence spéctrum. The vertical broken line

indicates the position of the peak in the reflectivity spectrum.

Experimental time decay (solid circles) of photoluminescence in two

Ga1 Al As samples, (a) x=0.48 and (b) x=0.445, obtained by
-Xx x
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Klein, Sturge and Cohen (Ref. 94). The solid curves are theoretical fits
to the expggimental poi. ts_with Eq. (33% wi?h these parameE$rs: (a)
W=6x10"s ,W=4.6x10 s 3 (b)) W=10 s , W=3.7x10 s .

o m o m

Fig.30 Model Density of States of a-Si determined from field effect
measurements. Curves 1 and 2 are hydrogenated samples grown in glow
discharge on substrates with two different temperatures. Curve 1:
550 K and Curve 2: 350 K. Curve 3 represents evaporated or
sputtered films. (From Ref. 107).

Fig.31 Time decay of photoluminescence in a-Si:H obtained by Orlowski and
Scher (Ref. 110) at 20 K. The solid curves are least-squares fits
to the decay curves with a power law of the form: t Y.

Fig.32 The calculated intravalley (1) electron-phonon scattering times of
" GaAs for the acoustic phonon (t ) and the LO phonon (1t ) as a
function of the kinetic energy g% the electron either igounits of eV
or relative to the LO phonon energy. The broken curves represént
the "= X intervalley scattering times. (From Ref. 123).

Fig.33 The cooling curve of a "warm" EHP excited in GaAs with a lattice
temperature (TL) of 4.2 K by a modelocked ion laser. The open
circles are experimental points while the solid curve is obtained by

a theoretical calculation assuming only electron-acoustic phonon
scattering. (From Ref. 125).

Fig.34 The cooling curve of a EHP excited by picosecond laser pulses. The

solid and broken curves are obtained from theoretical calculations.



)

62

PUMP

Z
p r<\\aﬂ;§;9
o2 )™ ean 7

s

ABSORBER

Fig. 1

- cgim—
E-—



63

IVl

g by

dOLS 1yVvisS

VHd HOSSID0YdOUIIN
¥37VOSIYg _ 431 INOMLOIdS
3gn.
430 G40 | Y¥3dILINWOLOHd .v{
3001d |
~O10Rd MILHIANI | | |
43IdWY VM3
T — aH
535d Ol -»|< Jawysd Ao
) e 43N0
> =< -300N
43SV 93Sd 43SV NOOYV |

3AQ 002>

@3XO013a0N



DETECTOR

’
4

L~

ANALYZER

, 4,
PROBE g
PULSE 4 KERR °
MEDIUM

Fig. 3



65

v B4

;.: | | (V)
JONIIVA

A |
3 L3

NOI1I3NONOI

XY
AN




4.0

-4.0

20645
20615 |
20585 -
20555

Aﬂusov AOUINT

CRYSTAL MOMENTUM (10% cm-1)

Fig. 5



COUNTS

8,000

4000

67

PARA-5 ORTHO

~ ORTHO

'ORTHO-F5

5

(EQ)

16,200

|
16,500

16,400

FREQUENCY (CM™)

Fig. 6 !



,_ (stiun ‘qip) °1

T (K)

Fig. 7



INTENSITY CARB. UNITSS

1802

189 F

19

1029 ¢

120

19

1§51%1%

1809

10

69

,;,//-““‘*“*-——— PARA
;~//~\“"““*--__ ORTHO
. . e ——

A 2 A

Ced

A A . 2

° 2 4

6 - 8 %

TIME J(NANOSECONDSD

Fig. 8



AMPLITUDE C(ARB UNITS)

70

LA

3 -
2r fiw,
CED>
|t "
W, =16,510 CM™!
O g
3t - LA
Tz
2r B fiw
CEQD s
CEDD
I : ~
J W,=16,337 CM™!
| O 1 1 N
| 16,280 16,300 16,320

FREQUENCY ¢ CM™' D

Fig. 9



71

C

W

LINN 93V 3ANLITdWY

TIME C(NANOSECONDSO

Fig. 10



72

Qo Q
< =& e =w
-z =z

n

"I {
",

(PN
’I'l'

{/
, "%, (3
(N %, (
“'”'2'1';"'3’"".

/
i %

~~ " —~
- -
! ]
= =
N/ &)
N~ N
> >
9 (8]
= =
— 25]
= =
< <
o =
&= =~
= % =
x ]
< T E
E b L 1]
— ¥ LJ o ~ [l =)
o o T <
~ Cal - it Py
e

(b)

FREQUENCY (CM




73

a)

Fig. 12



74

r A L A L
TO(L) €
‘ c)TA(X)
d 3 ~ LA(X) 1
/ b) LA(T)
] a) TO(L) : \/
: d)| -T07
RN EL,
[EEE] impurity (£00] L
0 0,50 1.0

Fig. 13



75

30

N
o

Mot 110°

SN
O

Fig. 14




2.0

1.0

Fig. 15



77

(SLINN "g8V) NOILONN4 NOILNGIYLSIQ

2.555
(eV)

(SLINN 'YV ) ALISNILNI

JONIOSIANINNT

2.552

ENERGY

Fig. 16



INTENSITY ( ARB. UNITS)

LUMINESCENCE

78

2.552

2.554

'
!
t
1
!
)
!
!

CuCl

(C)

e

3.202

3.208

S - =

1.823

1.826

-

hadh R I
-

-

GaAs
(d)

Ld
’

1.514

'ENERGY (eV)

Fig. 17

1.518



79

(M}
0°91992-
€ coge2- g

X
L°06502-

*8°SC

!h\- T 18

19°9-

({1 &

y 17 g 111 oo
~,mV 1 ;,‘A. .“. ; 41 ‘. #
A v LT t7 47

b3

&
(-T2}
9°31902-

£°£eg02-

89°s¢€
€991
X
L esse2- £
881502~ -
€c¢
089
2
(?)
[¢0]
-
ey
w




TIME (nsec)

4.0
] ' (a)
2.0
0
4.0
AAAAAAAAAAAAAAAAAA AAAA A A A A A A A A A A
I (b)
- 2.0
0 . . S—

80

20577 20597 - 20617

ENERGY (cm-1l)

Fig. 19



81

X0 A
*°91902- 4 L9

A
€ E9902- g
X
L°06502-

0'8e502- (i

2C°E08L
v9°908S1

96-68L02

(9)

°
091902
A

€°co9e2-

sre9sL?
170850 15°6C15S
screeezs

0°8L502- 4

(e)

Fig. 20



TIME (nsec)

82

1.5

AA4
BAAAMALAAAAAAALAALAAL A A M A 4 4 2 a s
1.0L

0 L | :

20577 20597 20617

ENERGY (cm-1)

Fig. 21



TIME (nsec)

1.2

0.8

0.4

83

1.0
24y, ()
I A
A ~ A l
0 4 B!
- 0 0
0
0.5
0-+
T2
" “x
X
0
X x
x
x 0
-3 _
: 1 1 0
20577 20597_

Fig. 22

(ZlZn+IlIn)/Illn”



MBE - 3-14

Photoluminescence Intensity

! ! L1 ‘ ’

1511 1518
Energy (meV)

Fig. 23



Photoluminescence Intensity

85

MBE 3-7 B) MBE 3-14 C)

MBE 3-9

1514.7 meV 1518.7

Photoluminescence Energy

Fig. 24




Emitted Polariton Flux

Np=1x10!6 Np=2x1013 Np=4x1014

==
7

=

0.0-03ns

-1.0ns

1.0-13ns

2.0ns

Polariton

1515 1

S16

Energy (meV)




87

s}un "qJy

LiplLO

0
151
10

syun ‘qQJy

Fig. 26



Luminescence Intensity (arb. units)

88

1 I T 1 T
(a) Emc above band gap
0 + t }
(b) E,.=2.1052 eV 0 nsec
(Luminescence from phonon replica)
-
10 nsec {x15]
0 : } + — +
() E, = 2.0953 eV
(Luminescence from phonon replica)
0 nsec
1 nsec
- | 5 nsec (x6)
10 nsec (x30)
0 i i i 1 1
2.08 2.09 2.10 2.1

Exciton Energy (eV)

Fig. 27



2 K Effective Lifetime (nsec)

T=

89

: 1 i
° e o '
8 e 1
| Reflectivity Peak
k| 7
| .
2 [~ . —-—
]
]
]
|
A | |
!
|
1r Luminescence (arb. units) ! .
o e 0 g
N o -
o0
O { i . i
2.05 2.06 2.07 2.08 2.09 2.10 2.11 2.12

Energy (eV)

Fig. 28



FLUORESCENT INTENSITY

90

{ B L
0 500 1000 1500

Fig. 29

2000



91

21 €y €x €C
10
g(e)
RN
(cm eV’ ) RN i
1020 P
~ T -~
10"
98
17
10106 1.2 0O-8 04 O
€.~ € (eV)

Fig. 30



PL INTENSITY

500

—

=

- 200

a

x

< 100

£ 50

192

=z

w 20 | S N A | A | 1 I

E 50 100 200 300 500

- TIME (PSEC)

| | 1 - | !
00 200 300 400 500

t(psec)

PL INTENSITY

f (b)

LIS T

u
(®)
O

m
(@]

TTTTTIT

30

T TTTT i
-

Pttt |

1

{

1 L1111

INTENSITY (ARB.UNITS)
o
(@

S00 1000 2000
TIME (PSEC)

5000




93

(39s) IWIL NOILYXVI3Y

20 &/huy

10 15

5

>
[ Y
£ - €
g £ ©
> <
[ . (-4 4 ]
o . ) ] (@]
x o '
(\2 [} x h
$ ! 2} ]
oy ) ~
r\ ' \ A
I/ 1
\ -
/ ) ©
/
/
’ /7
” \\
\\‘\ \‘\\\ %
S e Sndei il W e ——— O.
: |2
O
Aa b a A A& 2 laaa s a a2 " | S P A 2
ﬂ ..a.w A yy . M 00
o) 'O 'O

Fig. 32



94

t [109 sec]

Fig. 33



95

| | |

|

O O
0 wn <

[M] 3univy3adnal

70~
0

o
™

150 200 250
TIME [ps]

100

S0

Fig. 34



LAWRENCE BERKELEY LABORATORY
TECHNICAL INFORMATION DEPARTMENT
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

3 -~ i



